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PREFACE 


The tremendous development of the chemical industry, from a relatively minor 
position in the 19th century to a dominant one in the 20th, has been one of the most 
striking features of modern industrial history. The number of chemists has multiplied 
many times, and a whole new profession, that of chemical enginecring, has emergecl. 
New industries entirely dependent on chemistry have come into being, while others, 
not usually regarded as chemical, depend upon chemical knowledge, either for some of 
their processes or for testing and control of the materials that they deal with. Accurate, 
up-to-date information on chemical technology is therefore, in greater or less degree, 
a necessity in almost every branch of manufacturing. 

These new applications of chemistry have been described in widely scattered books, 
periodicals, and brochures, and in the almost infinite ramifications of the patent litera- 
ture. Attempts have becn made to bring together information in certain divisions or 
classifications of this ever-expanding field. Many valuable reviews, handbooks, and 
dictionaries are now available. However, the entire field of chemical technology can 
only be presented in works of one or two volumes with very little detail, and while 
more intensive presentations of particular branches have appeared from time to time, 
they cannot be coordinated satisfactorily into a uniform treatment of the whole field. 
The diffuseness and indced the very abundance of the industrial chemical literature 
often make it difficult or almost impossible to obtain needed information readily. 
The Editors have long been familiar with the great need for an encyclopedia of chemical 
technology, written in English and representing modern American practice and modern 
American chemical engineering. These volumes have been prepared in an effort to 
meet this need. : 

This work has been organized as a specialized encyclopedia. It is neither a dic- 
tionary nor a handbook, nor is it a series of technological monographs which deal with 
relatively narrow aspects of subjects for the benefit of advanced specialists in these 
fields—many such books are available and many.more should be written. Lather is 
it, designed to present the entire field of chemical technology for professional chemists 
und chemical engineers who may wish to know the methods that are employed in a 
special field, often outside that of their immediate experience. It is intended both for 
those working in industry and for those in universities and other research institutions. 
In addition it should prove an aid in the training of students by helping to reduce the 
notorious time-lag between technological practice and the illustrations used in student 
courses. 

The subject matter is deseriptive of technologically important materials, methods, 
and phenomena. It is not primarily theoretical and mathematical, except insofar as 
such treatment is necessary to bring out well-established principles and to give a back- 
ground that will enable the user to understand and apply the information given. The 
bibliographies are not exhaustive, in the manner of monographs, but are intended as 
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selected reading lists. Diagrams and flow sheets lave been freely used to illustrate 
technological processes. A limited number o£ carefully selected photographs have been 
included where it was felt that such inclusion would aid in understanding the material 
discussed in the text. Formulas and equations have been usec wherever helpful, and 
names and naming practices have been considered with great ciwe (see Nole on 
Nomenclature). 

In arranging the Eneyclopedia a general plan has been followed of grouping topies 
that are technologically related one to the other. Tu many cases, however, individual 
compounds ol considerable technical importance lave been given separate articles. 
The attempt has been to keep the groupings sufficiently large to allow a unified treat- 
ment, of related subjects without making specifie pieces of information hard to find. 
There are articles on processes, us well as on substances; for example, the unit, opera- 
tions and unit processes of chemical engineering. Certain background articles of a 
theoretical nature have been included where it seemed that one general artiele could 
serve aa a reference Lor a number of methods applying the principle. Ta similar fashion 
‘short survey articles have been introduced about elasses of compounds. (See also 
Introduction.) 

Tn presenting each subject the aim has been to give a balanced account, avoiding 
biased remarks about particular products or processes, and excluding controversial or 
hypothetical material. Preference has been given £o American practices, but if a foreign 
practice seems to offer advantages of general interest, deviations from American practice 
have been mentioned and the reasons for these deviations explained. Where several 
methods are in use for manufacturing the same produet, the intention has been to treat 
in greatest detail the most usual or efficient ono. 

The policy followed in preparing this Eneyclopedia has been to have all articles 
written by authorities in each field. In order to achieve objectivity, all articles have 
been reviewed by one or more specialists im organizations other than those represented 
by the contributors. The suggestions of the reviewers have beon extremely helpful and 
are gratefully acknowledged both by the authors and the Editors. 

The innumerable contributions to the advancement of chemical technology by a 
multitude of workers, most of whom will always remain anonymous, is recognized by 
the authors and the editorial staff. Undoubtedly, many persons have aided in the 
preparation of these volumes whose names have not been included. The Editors wish 
to pay every tribute to the professional zeal and professional enthusiasm of these persons 
and of the contributors and reviewers. To all of them is largely due whatever of merit 
has resulted from the attempt to carry out the program for the Kneyclopedia, The 
high enthusiasm and fine cooperation of our colleagues in the professions of chemistry 
and chemical enginecring will continue to be a great source of satisfaction to the Editors, 
to the editorial staff, and to the publishers of this Eneyclopedia. 

R. E. Kirg 
D. F. OTHMER 
Brooklyn, N.Y. 
Qetoher 1, 1047 
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INTRODUCTION 


For most of the articles in this Encyclopedia the primary content is chemical tech- 
nology. Since, however, technology depends upon “pure” science, an article on a given 
substance gives the physical and chemical properties of this substance before the methods 
for its manufacture. The technological uses of chemical substances are also treated; 
but since one substance generally has many uses, and many different substances are often . 
used for the same or similar purposes, there are separate articles describing “uses,” such as 
Abrasives, Adhesives. Usually, therefore, the properties and manufacture of a given 
substance are found in one article, from which cross references are made to the articles 
describing its uses. Thus, there are references from Acetaldehyde to Acetic acid, Acctic 
anhydride, Phenolic resins and plastics, and others; from Acetanilide to Analgesics; from. 
Acetophenone to Perfumes; from Acrylonitrile to Rubber, synthetic. In some cases 
specialized products having only one use are discussed only in the article deseribing that 
use; thus the manufacture, as well as the use, of DDT will be described under Insecticides, 
and products such as procaine will be discussed only under Anesthetics, and mercapto- 
benzothiazole only under Rubber vulcanization accelerators: the names of the individual 
substances also appear as alphabetical entries which ave followed by a reference to the 
appropriate article. 

Important industrial chemicals usually are dealt with in articles under their own. 
names, as <lmmnonia, Benzene, Sulfuric acid. Many other substances are dealt with in 
groups, as Acrylic and methacrylic acids, Amino resins and plastics, Amylalcohols, Carbides, 
Esters, organie, When a substances has been grouped with others, a cross reference under 
the individual name directs the reader to the group article; thus, under Actinomycin 
appears “See Antibiotics,’ under Amatol, “See Explosives.’ Owing to the complexity of 
the products of the chemical industry, it has not been possible to use any rigidly consistent 
system in forming these groups, but technological relationships have been given prefer- 
ence. The abundant cross references should enable the reader to find the information 
desired with the minimum of delay. 

Por inorganic compounds, in some cases it is the anion, in others the cation that has 
the greater industrial significance. Thus calcium, phosphate, sodium phosphate, and am~ 
monium phosphate are important primarily as phosphates and are discussed under Phos- 
phoric acid and phosphates. Similarly chromates and borates are under Chromium com- 
pounds and Boron compounds respectively, and salts of organic acids (except acetates 
and formates) are discussed with the acids. Other articles based on anion groupings are 
Cyanides and cyanogen compounds and Perozides. On the other hand, barium chloride, 
barium nitrate, and barium sulfate would be thought of together and are therefore de- 
seribed in Barium compounds. In general, compounds of the following anions are dealt, 
with in articles such as Aluminum compounds and Barium compounds: acetates, carbon- 
ates, formates, chlorides, bromides, iodides, hydrides, nitrates, nitrites, oxides (including 
hydroxides and oxygen acids and their salts, but excluding true peroxides), sulfates, 
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sulfites, and sulfides. Fluorine, in its industrial applications, is so different (rom the 
other halogens that simple fluorides, as well as other fluorine compounds, have been 
grouped under Fluorine compounds, thorganic, 

For organie compounds, a systematic Lreatiment becomes even more difficult. There 
are separate articles on Alethanol, Alcohol, industrial (ethyl alcohol, Propyl alcohols, 
Butyl! alcohols, and Amyl alcohols, while the remaining important monohydric alcohols 
ave dealt with in Alcohols, higher. There are also separate articles on ectylene, Benzene, 
Butadienc, Hthylene, and some other industrially important hydrocarbons, while the 
article Hydrocarbons takes up those not dealt with seperately. Some of the articles on 
classes of compounds, such as Acids, carboxylic, Alcohals, und Addehydes, are not intended 
primarily to give technological information, hut to give a description of the group as: 
whole, with a brief account of the various systems of nomenclature that have beon used: 
tables of properties, in these articles, serve us a means of giving information on niany less 
important compounds that do not seem tu merit fuller treatment. 

In many cases, a compound has been placed under the section. "Derivatives" in the 
article on another compound to which it is closely related or from whieh it may be pre- 
pared. Thus chloroacetic acids are under Acetic acid, and cuprene is under -leetylene. 
This has not been done, however, where it would lead to articles of inconvenient lengths 
thus there is no section “Derivatives” under Benzene, aad there are separate articles on 
Aniline, Benzenesulfonic acids, Phenol, ete. 

The articles Chlorine compounds, organic, Bromine compounds, organie, aat Fod tiw 
compounds, organic are not intended to cover all of the compounds that could be so 
classified. Some exceptionally important compounds have separate articles, sach as 
Chloroform and Carbon tetrachloride, while compounds in which the halogen is considered 
less significant than another substituent have often heen treated as derivatives; for 
example, chlorophenol and a-bromoacetophenone will be found under Phenol ancl sLeeto- 
phenone respectively. However, all of the organie compounds ol fluorine are placed 
under Fluorine compounds, organie. 

The above examples may serve to illustrate the principles that have been Followed 
in dealing with substances in the Encyelopedia. It is hoped that, with the aid of the 
cross references, the reader will find the arrangement suitable and easy to use. 


NOTE ON NOMENCLATURE 


Because of the diversity of names for many chemical compounds, careful attention 
has been given to this problem in order to assist the render as much as possible, both in 
using the Encyclopedia and in recognizing names he may encounter in other sources. 
Two general purposes have been kept in mind: to reflect nomenclature usage in inclustry 
and to indieate other usages, particularly preferred usages. Therefore common (trivial) 
or industrial names (as, cvustic soda instead of sodium hydroxide) have usually been 
employed in articles dealing with technology, but not necessarily im the more theoretical 
articles. In most cases important synonyms are given in addition to the names selected 
for compounds discussed; the preferred name, as the International Union of Chemistry, 
Chemical Abstracts (see Vol. 39, No. 24 (1944), Introduction, also published separately), 
or US. Pharmacoparia name, is then usually piven as the first synonym, with often an 
indication (as I.U.C, or U.S,P. XIID that it is an “official” name. Cross references in 
alphabetical order have been made for all common names and for some systematic names, 
but only exceptionally for trade-marked names. Names that are incorrect, misleading, 
ov ambiguous are often stigmatized; thus names like aluminum hydrate (for alumina 
hydrate), methyl amyl alcohol (for 4-mothyl-2-pentanol, (CIT; CHCHsCHOH .CH;) are 
put in quotation marks and designated “unsatisfactory,” “incorrect,” “so-called” or the 
like. Formulas are given very frequently (o help in identifying compounds. The spelling 
and form used, even for industrial names, follow the best American chemical usage so far 
as this can be ascertained. For example, fluosilicate, not fluo silicate or fluo-silicate; 
glycerin, not glycerine (for glycerol); acetanilide, not acetanilil (preferred in. U.S.T. 
XII; phenylhydrazine, not phenyl hydrazine or phenyl-hydrazine; methyl ethyl 
ketone, not methylethyl ketone or methylethylketone. 

The usual inorganie names are used for the most part, such as ammonium bicarbonate 
(ammonium hydrogen carbonate) and ferric chloride (iron(ITL) chloride), though some of 
the names, as the examples given, are frowned on by the I.U.C., which sanctions the 
parenthetical names above. Many I,U.C. names are used, at least as synonyms, and 
some names with Roman numerals (based on the Stock system, to indicate oxidation 
state) are introduced occasionally where they make for clarity; for example, potassium 
cyanocuprate(L) is a better name than potassium cyanocuprite or potassium cuprocyanide 
for KCu(CN),. Preference is given to approved names such as fluosilicate and chioro- 
platinate over silicofluoride and platinichloride, respectively, Where satisfactory names 
have not yet replaced unsatisfactory ones to any appreciable extent, formulas are often 
given after the names, as with sodium hydrosulfite (NagS.O,). 

When the usual names of organie compounds differ markedly from T.U,C. (Geneva) 
or CLA. names, these latter ave given as synonyms, Thus for etlrylbenzylaniline, CeHs- 
NH(CoHy)CHLC Hs, the CA. name, N-cthyl-V-phenylbenzylamine, is also given. 
However, where differences are comparatively minor (as Greek letters instead of Arabie 
numerals, variations in the order of naming prefixes, or even “ci” instead ol “bi” or “bis” 
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in some cases), synonyms are given only infrequently. In order to avoid any possible 
ambiguity, #- has been used with straight-chain aliphatic radicals, as n-butyl, CEICTHz- 
CHLCT-~. 

The names usually selected for alcohols in the neyclopedia present an inlerosting 
example of inconsistency: methanol (to avoid confusion of methyl and ethyl aleohols), 
ethyl aleohol or alcohol (the article is called Alcohol, industrial), n-propyl aleohol, igo- 
propyl alcohol (not isopropanol, which is an unfortunate extension of the Genova system), 
n-butyl alcohol, sec-butyl alcohol, and tert-butyl alcohol; while the correct I.U.C. names 
(a&, 4-methyl-2-pentanol) are adopted for many of the amyl and higher alcohols because 
they are both clear and widely used (see the article ou Alcohols, higher). Metal deriva- 
tives of alcohols are more frequently called alcoholates in industry than alkoxides (pre- 
ferred by (.A.); henee in technological articles alcoholate names are given first, as 
aluminum isopropylate (under Aluminum compounds), whereas in the general survey 
article on Alcohols, alkoxides is given preference. 

The most approved system of designating stereoisomers among carbohydrates, 
amino acids, and related compounds hag been adopted. This system is based on the 
use of D- and L- (small capitals) to denote configurational relationship to the two forms 
of glyceraldehyde, in place of d- and b, which are preferably limited to denoting dextro- 
and levorotation. ‘The use of p- and L- is explained in the articles on Carbohydrates and 
Amino acids. 

Ring formulas as well as line formulas are introduced wherever they may be helpful. 
Differences in numbering the positions of substituents are indicated in synonyms, In a 
few cases important differences in numbering of the rings themselves are shown by two or 
more formulas with the different numbermgs; the Ríug Index or C.A. numbering is one 
of those given in such cases. Acridine (¢v.) is an outstanding example, where the use of 
two principal numbering systems has led to great confusion. There are also variations 
in representation of rings in different fields of interest. Thus in the dye industry double 
bonds in benzene, naphthalene, and more complex aromatic ring systems are not gener- 
ally shown (formula I); whereas for steroids, terpenes, and other compoimds eontaining 
predominantly alicyelie ring systems, double bonds are shown and the absence of a double 
bond denotes saturation, whether the hydrogen atoms are indicated or not (formula II). 
The Encyclopedia follows these well-established practices. 


ΟΠ 
O — NHOH; HO [Dom 
2 ILC 
bu 
Ó NUCH, Of M 
(I) (II) 
aromatic alicyclic 


In spite of all the variations in names and formulas, the aim has been to help the 
reader through the prevailing confusion as much as possible and £o keep the practice 
uniform at least within any one article or related articles in the Encyclopedia. 

Janer D, Scorr 


A. 
abs, 
2.0. 


ACS, 


addn. 
A.L.Ch.E. 


ale. 

alk. 

Alk 
amp. 
amp.-hr. 
amt. 
anhyd. 
Α.Ε.Ι. 


app. 
approx. 


ad. 

Ar 

are 

as- 

ASA 
AS.T.M. 
atm, 


ab. wt. 
AV. 


b. (as, bu) 
B 

bbl. 

Bé. 
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Angstrém unit(s) 

absolute 

alternating current 

American Chemical So- 
ciety 

addition 

American Institute of 
Chemical Engineers 

aleohol, aleoholie 

alkaline (not alkali) 

alkyl 

ampere(s) 

ampere-hour(s) 

amount (noun) 

anhydrous 

American Petroleum 
Institute 

apparatus 

approximate (adj.), ap- 
proximately 

aqueous 

aryl 

aromatic; as, ar-deriva- 
tives of tetralin 

asymmetric; as, 
xylidine 

American Standards As- 
sociation 

American Sociely for 
Testing Materials 

atmosphere(s), atmos- 
pheric 

atomic weight 

average 


(8-7 Hl- 


boiling (at 11 mm.) 
base; as B.2HCIl 
barrel(s) 

Baumé 


b.p. 
Btu. 
bu." 


C. 
C- 


cal, 
caled. 
otm. 
CES, 


chem. 
CL, 
em. 
coeff. 
com. 
compd. 
compn, 
coned. 
conen. 
cond, 
const. 
cor. 
C.D. 
erit. 
cryst, 
erystd. 
erystn. 
Qu. 
cu.cm, 
eu. ft. 
eum. 
cum. 


d. (as, di’) 
d 
d- 


boiling point 
British thermal unit(s) 
bushel(s) 


centigrade 
denoting attachment to 


carbon; as, C-alkyl 
derivatives of aniline 
ealorie(s) 
calculated 


cubie foot per minute 
centimeter-gram-second 
(system) 
chemical 
Colour Index No. 
eontimeter(s) 
coefficient 
commercial 
compound (noun) 
composition 
concentrated 
concentration 
conductivity 
constant 
corrected 
chemically pure 
critical 
erystalline 
erystallized 
erystallization 
cubic 
cubic centimeter(s) 
eubie foot (feet) 
cubic inch{es) 
eubie moter(s) 


density 
differential operator 
dextro-, dextrorotatory 
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d.h. 
d.e. 


dec., decomp. 


decompd. 
decompn. 
deriv. 
detd. 
detn. 
diam. 

dil. 

distd. 
distn. 
DL-, dl- 
dm. 


e 

ed, 
elec. 
elev. 
e.m.f. 
eng. 
eq. 
equil. 
equiv. 
esp. 
estd. 
estn. 
expt. 
εκρί]. 
ext. 
ext. 
extn, 


F. 
Fedl. 
ff. 

fig. 
fob, 
f.p. 
ft. 

ft .-Ih. 


gal. 


hp. 


denoting configurational 
relationship, as to dex- 
lro-glyceraldehyde 

dry bulb 

direct current 

decompose (s) 

decomposed 

decomposition 

derivative 

determined 

determination 

diameter 

dilute 

distilled. 

distillation 

racemic 

decimeter 


electron 

edition, editor 
electric, electrical 
elevated 
electromotive force 
engineering 
equation (&) 
equilibrium(s) 
equivalent, 
especially 
estimated 
estimation 
experiment 
experimental 
extract 

extraeted 
extraction 


Fahrenheit 
Federal 
following (pages) 
figure 

free on board 
freezing point 
foot, fect 
foot-pound (s) 


gallon(s) 


horsepower 


hr. 
hyd. 
i. 

i- 
LEC. 
in, 


insol. 


LUC. 


m 


x. 


--- 


y 


KL 


kg.-eal. 


kg. /eu.m. 


kg. /5sec. 
kv. 
kv.-amp. 
kw. 
kw.-hr. 


l- 


L- 


]b. 
In 


log: 


m. 
m- 
M 
M 


ma. 
manuf, 
manutd. 
manufg, 
max. 
mech. 
m.e.v. 
mg. 


hour(s) 
hydrated, hydrous 


insoluble 

insetive; us, f-methio- 
nine 

Interstate C'ommoeree 
Commission 

inch (eg) 

insoluble 

International Union of 
Chemistry 


joule 


Kelvin 

kilogram (s) 

kilogram-ealorie(s) 

kilogram(s) per eubie 
meter 

kilogram(s) per second 

kilovolt(s) 

kilovolt-impere(s) 

kilowatt (s) 

kilowatt-hour(s) 


levo-, levorotatory 

denoting configurational 
relationship, as to levo- 
glyceraldehyde 

pound(s) 

logarithm (natural) 

logarithm (common) 


meter(s) 

meta; as, m-xylene 

metal 

mola (as applied to 
eonen.; nof  molal, 
whieh is written aut) 

milliampere (s) 

manufacture 

manufactured 

manulaeturing 

maximun 

mechanical 

million cleetron volts 

milligram (s) 


mgd. 
min. 
mise. 
mixt. 
ml. 
mm. 
mol. 
m.p. 
mv. 
ma 


n (ny) 


nog. 
πο, 
N.O.I.B.N. 


o- 


0- 


04. 


p. Dp- 
pe 
pos. 
powd. 
ppm. 
ppt. 
pptd. 
ppin. 
prepd. 
prepn. 
pasd.(gJ, (a.) 


pt. 
pts. 


quad. pt. 
qual. 
quant. 
q.i. 
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million. gallons per day 
minimum; minute(s) 
miscellaneous 

mixture 

milliliter(s) 
millimeter(s) 

molecule, molecular 
melting point 
millivolt(s) 
millimieron(s) 


index of refraction (for 
20° and sodium light) 

normal; as, n-butyl 

normal (as applied to 
conen.) 

denoting attachment to 
nitrogen; as, N-moeth- 
ylaniline 

negative (adj.) 

number 

not otherwise indexed by 
name 


ortho; as, o-xylene 
denoting attachment to 
oxygen; as, O-neotyl- 
hydroxylamine 
ounee(s) 


page, pages 
para; as, p-xylene 
positive (adj.) 
powdered 
parts per million 
precipitate 
precipitated 
precipitation 
prepared 
preparation. 
pound(s) per square inch 
(gage), (absolute) 
point 
parts 


quadruple point 
qualitative 
quantitative 
“which see” 


R 


recrystel. 
recrystn. 
resp. 

veh. 

RL, 
r.p.m. 
Tps. 


S- 


satd. 
satn. 
sec. 
ϑ06- 
sol. 
soln. 
soly, 
spec. 
ap.pr. 
sp. heat 
spp. 
sp.vol. 
sq. 


sq.em., dm. 


sq.ft. 
sq i. 


STP, 


subl, 
sym- 


tech. 
temp. 
tert- 
theorct. 
Twad. 


vic- 


univalent hydrocarbon 
radical (or hydrogen) 

reerystallized 
reerystallization 
respectively 
relative humidity 
Ring Index No. 
revolutions per minute 
revolutions per second. 


soluble 

denoting attachment to 
sulfur; as, S-methyl- 
eystcine 

saturated 

saturation 

second (a) 

secondary; as scc-butyl 

slightly soluble 

soluble 

solution 

solubility 

specifieation 

specifie gravity 

specific heat 

species 

specific volume 

square 

square centimeter(s), 
decimeter(s) 

square foot (tect) 

square ineh(es) 

standard temperature 
and pressure 

sublime(s), subliming 

symunetric(al); as, sy- 
m-xylidine 


technical 

temperature 

tertiary; as, tert-butyl 
theoretical 

Twaddell 


volt(s) 
vicinal; 
dine 


as, vic-m-xyli- 
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vol. volume (not volatile) ° depree 
Υ.8. very soluble % per cent 
γ microgram(s) 
w. watt(g) ò differential operator (partial) 
wt. weight A finite difference 
T η viscosity 
u micron(s) 
XU. (10759 X-unit 
mm.) 
yd. yard(s) 
yr. year(s) 


Other letter symbols may be found in "Standard System of Nomenclature for Chemical Engi- 
neering Unit Operations” adopted by the American Institute of Chemical Engineers, 


SHIPPING REGULATIONS 


Complete information for the U.S. is given in “Freight Tariff No. 4 Publishing 
Interstate Commerce Commission Regulations for Transportation of Explosives and 
Other Dangerous Articles by Freight Including Specifications for Shipping Containers,” 
with supplements issued by H. A. Campbell, Agent, 30 Vesey Street, New York 7, N.Y. 
The following terms for labeling explosives and other dangerous articles have been used 
in the Encyclopedia: 

Red label (or inflammable liquids) 

Yellow label (for inflammable solids and oxidizing materials) 
White label (ior acids and corrosive liquids) 

Red label (for inflammable compressed gases) 

Green label (for noninflammable compressed gases) 
N.O.LB.N. (not otherwise indexed by name) 


In the text of the Encyclopedia the preferred terms “flammable” aud “nonflam- 
mable” are used in place of “inflammable” and “noninflammable,” respectively. 


STANDARD REFERENCE WORKS 


The titles of the following reference works have usually been abbreviated when 
they are given in the bibliographies. 


Accepted Dental Remedics, 13th ed. (A.D.R. KHD), Council on Dental Therapeutics, 
American Dental Association, Chicago, 197. 
Allen, À. mi Commercial Organze Analysis, 5th ed., Blakiston, Philadelphia, Vols. I-X, 
3-33. 


Amorican Society for Testing Materials, /946 Book of A.S.T.M. Standards, Philadelphia, 
947. 


American Standards Association (ASA), Standards, N.Y. 
annual Tables, C. Marie (ed.), McGraw-Hill, N.Y., 1944. 
Association of Official Agricultural Chemists (A.0.A.C.), Offictul and Tentative Methods 


οἱ Analysts of the Association of Official Agricultural Chemists, 5th ed., Washington, 

D.C., 1940. 

Badger, W. L., and MeCabe, W. L., Elemenis of Chemical Engineering, 2nd ed., 
McGraw-Hill, N.Y., 1936. 

Beilstein, F. K., Handbuch der organischen Chemie, 4th ed., Springer, Berlin, 63 Vols., 
1918-43. (Photo-lithoprinted by Edwards Bros., Ann Arbor, Mich.) 

Berl-Limge, Chemisch-technische Untersuchungs-Methoden, 8th ed., Springer, Berlin, 
8 Vols., 1931-40. (Photo-lithoprinted by Edwards Bros., Ann Arbor, Mich.) 

Friedlander, P., Fortschritte der Teerfarbenfabrikation und verwandter Industriezweige, 
Springer, Derlin, Vols. I-X XV, 1888-1942. 

Friend, J. N. (ed.), Textbook of Inorganic Chemistry, Griffin & Co., London, Vols. LXI, 
914-37. 

Gmelins Handbuch der anorganischen Chemie, 8th ed., Deutsche Chemische Gesellschaft, 
Verlag Chemie, Berlin, Vols. LXXI, 1924—. 

Great Britain Gencral Medical Council, British Pharmacopaia, Constable & Co. Ltd., 
London, 1932; ist Addendum, 1936. 

Heilbron, [. M., and Bunbury, H. M., Dictionary of Organze Compounds, 2nd ed., Oxford 
Univ. Press, N.Y., Vols, I-III, 1944. 

Hodgman, C. D., Handbook of Chemistry and Physics, 30th ed., Chem. Rubber Pub. Co., 
Cleveland, 1947. 


Houben, J. (ed.), Die Methoden der organischen Chemie (Weyls i cthoden), 3rd ed., Thieme, 
Leipzig, Vols. I-IV, 1925-41. (Photo-lithoprinted by Edwards Bros., Ann Arbor, 
Mich.) 


International Critical Tables of Numerical Data, Physics, Chemistry, and Technology 
TJ, E. W. Washburn (ed.), McGraw-Hill, N.Y., Vols. I-VI, 1926-30. 


Landolt-Bórnsteim, Physikalisch-chemische Tabellen, 5th. ed., Springer, Berlin, 8 Vols., 
1928-36. (Photo-lithoprinted by Edwards Bros., Ann Arbor, Mich.) 
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Lange, N. A., Handbook of Chemistry, 65h ed., Handbook Publishers, Sandusky, Ohio, 
1946. 

Mayer, F., Chemie der organischen Farbstoffe, 3rd ed., Springer, Berlin, Vols. T, HI, 1954, 
1935. (Vol. IT trans. and rev. by Remhold, N.Y., 1943.) 

Mellor, J. W., Comprehensive Treatise on Inorganic and Theoretical Chemistry, Vols. XV, 
Longmans, Green & Co., N.Y., 1022-37. 

Merck Index, The, 5th od., Merek & Co. Ine., Rahway, N.J., 1040. 

Meyer, V., und Jacobson, P., Lehrbuch der organischen, Chemie, 2nd ed., de Cruyter, 
Berlin, 2 Vols., 1907-29. (Photo-lithoprinted hy Edwards Bros., Ann Arbor, Mich.) 

National Formulary, The, 8th ed. (N.E. VOD, Committee on National Formulary, 
Amorican Pharmaceutical Association, Washington, D.C., 1946. 

New and Nono[ficial Remnedies—194? (N.N.R.), Council on Pharmacy and Chemistry of 
the American Medical Association, Lippincott, Philadelphia, 1947, 

Patterson, A. M., and Capell, L. T., The Ring Index (A-L.), Reinhold, N.Y., 194.0. 

Perry, J. H. (ed.), Chemical Engineers! Handbook, 2nd ed., MeCraw-IDll, N.Y., 194. 

Pharmacopeia of the United States of America, The (The United States Pharniaco peta), 
13th rev. ed. (U.S.P. XITI), United States Pharmacopceial Convention, Mack Pub. 
Co., Easton, Pa., (047. 

Richter, V. von, The Chemistry of the Carbon Compounds, 3rd ed. (trans. from 12th 
German ed.), Elsevier, N.Y., Vols. LIV, 1934-40. 

Rowe, F. M, (ed.), Colour Index (C.I.), 1st ed., Society of Dyers and Colourists, Brad- 
ford, Yorkshire, 1024; Supplement, 1928. 

Sehultz, G. T. A. O., and Lehmann, L., Parbstefftabellen, 7th ed., Akadem. Verlag., 
Leipzig, 4 Vols, 1931-39. (Photo-lithoprinted by Ldwards Bros., Anu Arbor, 
Mich.) 

Scott, W. W., Standard Methods of Chemical Analysis, 5th ed., Van Nostrand, N.Y., 
Vols. I, IT, 1989. 

Seidcll, A., Solubilities of Inorganic and Oryanic Compounds, 3rd ed., Van Nostrand, 
N.Y., Vols. T, II, 1940, 1942. 

Thorne, P., C. L., and Roberts, Ei. R., Ephraém's Inorganic Chemistry, vov. Ath ed. (photo- 
offset), Interscience, N.Y., 1945, 

Thorpe, J, F., and Whiteley, M. A., Thorpes Dictionary of Applied Chemistry, 4th ed., 
Longmans, Green, N.Y., Vols. LVII, 1987-46. 

Ullmann, F., Enzyklopädie der technischen. Chemie, 2nd ed., Urban & Schwarzenberg, 
Berlin, Vols. I-X, 1928-32.  (Photo-hthoprinted by Edwards Dros., Anu Arbor, 
Mich.) 

Walker, W. H., Lewis, W. K., McAdams, W. IT., and Gilliland, E. R., Principles of 
Chemical Engineering, 3rd ed., McGraw-Hill, N.Y., 1937. 

Wood, H. C., and Osol, A., Dispensatory of the United States of America (U.S8.D.), 28rd ec., 
Lippineott, Philadelphia, 1948. 


PERIODICAL ABBREVIATIONS 


The abbreviations used are those given in the “List of Periodicals Abstracted by 


Chemical Abstracts’ (Vol. 40, No. 24, Pt. 2 (1946), also published separately). 


Some 


of the journals most frequently referred to are the following: 


Anal. Chem. (superseding Ind. Hny. Chem,, 
Anal. Fi.) 

Angew. Chem. (superseding Z. angew, 
Chem.; Chemie, Dic) 

Ana. 

Ber, (see also Chem, Ber.) 

Biochem. J. 

Biochem. Z. 

Bull. soc. chim. ov Bull. sov. chin. France 

Bur. Standards J. Research (see also J. Re- 

search Natl, Bur. Standards) 

CLA, 

Can, J. Research 

Chem. Ber, (superseding Ber.) 

Chem. fug. (superseding Chem, & Met 
Eng.) 

Chem, Eng. News (superseding News Ed. 
(Am. Chem. Soe.}) 

Chem, Eng. Progress. (superseding Trans. 
Am. Insi. Chem. Engrs.) 

Chem. Fabrik (see also Chem. Tech. (Ber- 
lin), Ver. Chem. App.) 

Chemie, Die (see also Angew. Chemie) 

Chem, Inds, 

Chemistry & Industry 

Chem. & Met. Hny. (see also Chem. Eng.) 

Chem, Revs. 

Chem. Tech. (Berlin), Ver. Chem. App. 
(superseding Chem. Fabrik) 

Chem, Zenir. 

Chem. Zig. 





Thimica e industria (Italy) or Chimien c 
industria (Milan) 

Chimie & Industrie 

Gazz. chim. ital. 

Hew. Chim. Acta 

Ind. Eng. Chem.; Anal Ed. (sea also Anul. 
Chem.); News Ed. (seo also News Ed. 
(Am. Chem. Soe.); Chem. Eng. News) 

J. Am, Chem. Soe. 

J. Am. Pharm. Assoc. 

J. Applied Chem. (U.S.S.R.) 

J, Biol. Chem. 


Analytical Chemistry , 
Angewandte Cherie 


Annulen der Chenue, Justus Liebigs 

Berichte der deutsehen chemisehen Cesellschalt 
Biochemical Journal, The 

Biochemisehe Zeitschrift. 

Bulletin de la société chimique de Frane 
Bureau of Standards Journal of Research 


Chemical Abstracts 

Canadian Journal of Research 

Chemische Berichte 

Chemical Engineering with Chemieal & Motallurgieal 
Tenginecring 

Chemical and Engineering News 


Chemical Engineering Progruss with Transactions of 
Amorican Institute of Chemical Engineers 
Chemische Fabrik, Die 


Chemie, Die 

Chemienl Industries 

Chemistry & Industry ' 

Chemical & Metallurgical Engineering 

Chemical Reviews 

Chemisehe Technik, Die (Berlin), Vereinigt mit. Che- 
mische Apparatur 

Chemisches Zentralblatt 

Chemiker-Zeitung mit dem Sonderteil, Die Chemisehe 
Praxis und der Beilage, Chemisch-techuisehe Uber- 
sieht 

Chimica, La, e l'industria (Italy) or (Milan) 


Chimie & industrie 

Gazzetta chimica italiana 

Helvetica Chimica Acta 

Industrial and Engineering Chemistry; Analytical 
Edition; News lidition 

Journal of the American Chemical Society, The 

Journal of the American Pharmaceutical Association 

Journal of Applied Chemistry (U.8.8.2.) 

Journal of Biological Chemistry, The 
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J. Chem. Physics 

J. Chem. See. 

J. makromol. Chem. (superseding J. prakt. 
Chem.) 

J. Org. Chem. 

J, Phys. Chem, (sea also J. Phys. & Colloid 
Chem.) 

J. Phys. & Colloid Chem. (superseding 
J. Phys. Chem.) 

J. prakt. Chem. (sec also J. mukromol. 
Chem.) 

J. Research Natl, Bur. Standards 


J. Soc. Chem, Ind. or J. Soc. Chem. Ind. 
(London) (sce also Chemistry & Indus- 
try) 

Kolloid-Z. 

News Hd, (Am. Chem. Soc.) (superseding 
Ind, Eny. Chem., News Ed.; seo also 
Chem. Png. News) 

Ree. trav. chim, 

Trans. Am. Electrochem. Soe. (see also 
Trans. Klectrochem., Soc.) 

Trans, Aim, Inst. Chem, Engrs. (seo also 
Chem. Eng. Progress) 

Trans. Am. Inst. Mining Met. Engrs. 


Trans. — Hlectrochem, — Soc, — (superseding 
Trans. Am. Electrochem. Soc.) 

Z. aangew. Chem. (see also Angew, Chem.; 
Chemie, Die) 

Z. anorg. Chem. (sce also Z. anorg. u. 
allgem. Chem.) 

Z. anorg. w. allyem. Chem. (see also 2, 
anorg. Chen.) 

Z. Bileklrochem. 


Journal of Chemical Physics, The 
Journal of the Chemical Society (London) 
Journal für makromolekulure Chemie 


Journal of Organie Chemistry, The 
Journal of Physical Chemistry, The 


Journal of Physical & Colloid Chemistry, The 
Journal für praktisehe Chemie 
Journal ot Research of the National Bureau ol Stand- 


ards 
Journal of the Society of Chemical Industry. (London) 


Ixolloid-Zeitsehrift 
News Edition (American Chemienl Socicty) 


Recueil des travaux chimiques des Pays-Bas 

Transactions of the American Electrochemieal Society 

Transactions of the American Institute of Chemical 
Ingincers 

Transactions of the American lnstitute of Mining und 
Metallurgical Engineers 

Transactions of the Electrochemical Society, Ine. 

Zeitschrift; für angewandte Chemie 

Zeitschrift fir anorganische Chemie 


Zeitschrift für anorganische und allgemeine Chemie 


Zeitschrift fir Eloktyochemie und angewandte physi- 
kalische Chemic 
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ABACA FIBER. Sec Fibers, vegetable. 
ABIETIC ACID, CuH»COOH. See Acids, curborylic; Alkyd resins; Rosin. 


ABRASIVES 


As the word implies, abrasives are substances or objects that are used to wear off or 
rub down objects, in order to give them the desired size, shape, or finish. There is 
some question as to the correctness of use of “abrasives” as a general term, since the 
harder, new materials chisel up the surface of the objects instead of rubbing the 
surface down; however, as the size of the abrasive grain employed is reduced, 
the effect becomes practically the same. 


History. The practice of grinding anteclates civilization. Savage tribes in the Stone Age used 
stones not only to grind their corn and seeds but for making and polishing tools of flint and metal. 
Pictures found in tombs at Thebes and elsewhere in Egypt, 2200-1100 B.C., show the drilling and 
polishing of beads and vases. Leonardo da Vinci (1500) has left drawings of machines for internal 
grinding ancl of wheels for grinding, polishing, and buffing, as practiced ut that time. In 1608, the 
Indian chief, Powhatan, in order to recompense himself far the boldness of his daughter Pocahontas 
in saving the life of the condemned Captain Jolm Smith, ordered the Captain to go to Jamestown and 
fetch him “two great guns and a grindstone.” 

That abrasives and grinding might be the foundations of à major industry was not recognized 
until toward the end of the 19th century, Great advancement began with the invention of the. 
Universal Grinding Machine by Joseph R. Brown, clock maker, later of Brown and Sharpe (2), 
followed by Ambrose Webster of Waltham, Mass., and C. H. Norton, of Worcester, Mass. The 
grinding machine developed rapidly under the market demand for agricultural machinery, sewing 
machines, and clocks. Henry Ford's practical experience as a machinist enabled him to grasp the 
great advantage to be gained by grinding, and many grinding practices so common today had their 
early development in the Ford shops. Mass production spread in all directions, thanks to the parallel 
development, of all these industries. With the introduction of the highly promising silicon carbide 
(1891) by Edward G. Acheson and the discovery that almost every kind of steel, iron, and brass work 
that had been done on the lathe, could be done even better on a grinding machine (6), the term 
"abrasive" had become fully established, and the future of the industry was awaited with keen 
interest. Good grinding materials are recognized as a substantial element in the wealth of the 
people, both in peace and in war. 

The comparative value of the various abrasives sold, shipped, or used in the United States and 
Canada in 1945 was in round numbers (millions of dollars): silicon carbide, 4; alumina, 9; metallic 
abrasives, 9; and natural abrasives, 10, 


1 


2 ABRASIVES 


Abrasive Power 


The factors in abrasive power are, according to Milligan (7), hardness, tough- 
ness, and refractoriness, in order of importance. 

Hardness. In order to have a reference seale by which the comparative haed- 
ness of abrasive substances could be determined, the mincralogist, Mohs, set up a 
series of substances, numbered 1-10, each member of the seale capable of seratehing 
those below it and in tium capable of being seratched by those above. The Mohs 
seale is: 1, tale; 2, gypsum; 38, caleite; 4, fluorite; 5, apatite; 6, feldspar; 7, 
quartz; 8, bopaz; 9, corundum; 10, diamond. The principal objection to Mohs’ 
scale is that the steps are not equal, the 9-10 step being considered by many to he 
approximately equal to the combined step 1-9. In practice, it is common to use 
handier materials, such as finger nail, 2.5, and knife blade, 5.5, on Mohs’ seale. 
Preseut-day abrasive engineers carry in mind a series of abrasive materials, such as 
those in the two-column table below, the first column containing materials eouspicu- 
ous for their hardness and bsted in order of scratch harduess, and the second column 
containing a miscellaneous collcetion of materials that have been fonnd to have more 
or less value in cleaning’, polishing, ete. 


Diamond Feldspar mineral 

Boron carbide Tron and steel (grit, shot, and wool) 
Silicon carbide Pumice : 

Fused alumina Tufusorial earth 

Garnet crystals Tripoli 

Quartz crystals, including sand Quicklime 


Rouge and crocus 


Efforts to make serateh hardness a more refined test have been put forth by 
Ridgway and others (9). Hardness testing by three different methods shows that 
electrothermal produets ean be aligned in a seale similar to that of Mohs’ seale of 
hardness. Products van be selected to locate intermediate pomts on Mohs’ seale. 
Certain hard metals are nearly equivalent to some of the crystalline products. Con- 
sequently, they may be substituted in such a scale. A suggested aligumoent is given 
in the accompanying table (9). 





Mohs’ seale 


Extension of Moha’ seale 


Metal equivalent 





(6) Orthoclase (68) Orthoelase or perielase 
(7) Vitreous pure silica 
(7) Quartz (8) Quartz (8) Stellite 
(8) Topas (9) Topaz 
(10) Garnet, 
. (11) Fused zireonia (11) Tantalum carbide 
(9) Sapphire (12) Fused alumina (12) Tungsten carbide 


(13) Silicon carbide 
. (14) Boron carbide 
(10 Diamond (15) Diamond 


A sensitive pyramidal-diamond tool for indentation measurements has been 
developed by Knoop, Peters, and Emerson (5), which gives indentations of acen- 
rately measurable lengths in very resistant materials with Hight loads. The results 
harmonize with the Ridgway extension of Mohe’ seale. 

Toughness is regarded as the opposite of brittleness. The cutting action of 
fused alumina can be considerably altered by the method of manufacture. The 
crystal grains can be made more friable by introducing some alkali into the furnace 
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ui the moment of initial solidification. The vapor escaping causes perforations in 
the crystals, making them fracture more easily and keeping them sharp, besides 
removing more material from the object being ground. ` Another means of achieving 
the same result is reduction of the erystal size by adding certain chemicals to the 
molten mass or by chilling it quickly on removal from the heat source. 
Refractoriness, or resistance to breaking, of the abrasive grains with. rising 
temperature, is a matter of importance, but it is not so important a variable as the 
heat resistance of the bond, especially when one is concerned with wheel wear. 
Stroboscopie films were made in. 1937-38 to obtain a direct cinematic view of actual grinding 
phenomena (lig. 1). A fast-revelving, coarse, snagging wheel was brought to bear on 1 rough stee! 


casting. With a stroboscopic camera the ohserver was enabled to fix his attention. on a certain 
individual grain (A in Fig. 1), well embedded in the surface of the wheel by a vitrified or resinoid hond. 





Fig. 1. Study of a grinding wheel in action. 


The series of sketches is an artist's conception of the profile of the grain as it repeatedly passed the 
lens. The grain point (top) begins chiseling and either undergoes a series of fractures, reducing its size, 
or develops a warm spot, which leads to smearing or “louding” (33), snd, eventually, to excessive loud- 
ing, loosening of the grin in its matrix (C), and ejection of the grain (D). The greater the succession 
of fractures and attendant fresh points obtained from a grain before it disappears, the better the 
erinding economy. | 


Various Natural Abrasives and Their Characteristics (1,3,6) 


Diamond. This peerless abrasive of crystallized carbon, the hardest of all 
materials in scratching power, has had considerable industrial use over the years for 
drill points for drilling rocks, for dies in wire drawing, for polishing gems, and, more 
recently, for cutting, truing, and dressing (renewing the surface of) grinding wheels, 
and for lapping. The bort (the smaller miscellaneous fragments) has been made up 
into grinding wheels for some time, but their cost proved a discouragement to their 
manufacture until the cemented carbide industry learned that it could well afford 
to pay the cost of making diamond tools and wheels to shape and to sharpen the 
cemented carbide tools. This usc, further stimulated by World War IT, led to a 
demand of unexpected magnitude. There has also been an inerease in the variety 
of items called for by the trade. For economy, the diamond wheels are made with 
an inner zone, or core, of bond without grit, the abrasive face being only a fraction of 
an inch thick, comparable to a section through a large orange, the skin representing 
the abrasive layer. The bonds used are of the vitrified, resinoid, and metallic alloy 
types (see “Bonds,” page 9). 

Corundum is a massive crystalline form of aluminum oxide (Al,03), with a 
scratch hardness among natural substances second only to that of diamond. It has 
ποῦ been mined in the United States on any large scale, and practically all of the 
commercial material is imported from the Union of South Africa; in this country, 
itis crushed by jaw crushers and rolls and screened. About two-thirds of the pro- 
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duction goes to the optical lens makers and the remainder (larger sizes) to abrasive- 
wheel makers to satisfy special requirements of the metal industry. Corundum 
production costs arc relatively high. 

Emery is an always dark-colored mixture of corundum and black magnetite 
(iron oxide, Fe;04). The name comes from Cape Emeri on the islaud of Naxos in 
the Greek Archipelago, where the best quality has been mined for several centuries, 
though not extensively until 1870, according to Eardley-Wilmot (83). It was the 
combination of the desirable properties, high serateh hardness, reasonable tonghness, 
and gradual breakdown of erystal under pressure, that made it so much in demand 
as an abrasive until the manufactured abrasives entered the scene. The entire U.S. 
output of emery in 1943 came from the Peekskill, N.Y., area. See “Grinding 
wheels,” page 8. 

Garnet denotes a group of similar silicate minerals varying in tint and ranging 
from 6.5 to 7.5 in Mohs’ scule of hardness. Good abrasive garnet should þe reason- 
ably tough. Nearly all the abrasive garnet is used in coated papers and cloths. 
The credit for developing the value of garnet paper and cloth in place of flint for use 
on hard woods (1879) belongs to Herman Behr, of Brooklyn. Most of the loose 
garnet in the U.S. is used in polishing plate glass and in some metal work. Garnet 
also has certain physical qualities which make it an ideal abrasive in leather manu- 
facturing. 

Pumice consists of the loose, spongy, cellular, and frothy parts of lava. It is 
often found in porous blocks, pale-gray in color, and consists chiefly of silicates of 
aluminum, potassiuin, and sodium. It is buoyant and floats readily on water. 
Pumice is generally used without much processing. Lump pumice serves as a 
cleaning and polishing stone in lithography, preparing metal surfaces for plating 
and various surfaces—for instance, plastic—for further finishing. It is a familiar 
toilet article for smoothing the skin. Pumice, finely ground and coated on paper, 
was formerly used in the “pouncing” of felt hats; manufactured abrasives are now 
used for this purpose. Pumicite is a volcanic ash occurring in Nebraska, Kansas, 
and neighboring states. It is thought to have originated in the now extinct vol- 
canoes of the Rocky Mountains. It lias had a very large use in domestic cleaning 
and scouring preparations. 

Quartz, one of the commonest mincrals, is a crystallized form of silica. Tt is 
hard (hardness = 7) and brittle with shell-like fracture. Some is used to make 
sandpaper, which is nearly as good as garnet paper and is cheaper. It is also used 
in scouring powders and soaps. 

Επί is a chalcedonic modification of silica, light in color and of conchoidal frac- 
ture. It is sometimes crushed and rebonded to make millstones and sharpening 
stones. 

Sandstone and Sand. Some sandstone, such as the novaculite oilstone, has 
been quarried to make grindstones, pulpstones, sharpening stones, etc. Sand is 
used in considerable quantities in sandblasting: the grains are blown against, the 
object to be cleaned. Round grains are preferred. 

Diatomite and Tripoli. Diatomite (also called diatomaceous earth, infusorial 
earth, or kieselguhr) is a deposit of the minute, but beautiful, siliceous skeletons of 
unicellular organisms called diatoms. Tripoli, an African product, resembles di- 
atomite, but according to Eardley-Wilmot (8) has a minute spongy appearance 
readily distinguished from the sharp, glassy fragments in voleanic dust, or pumicite, 


ABRASIVES 5 


and from diatomite by the absence of diatom structure. Diatomite will at first 
float on water, while tripoli sinks at once. Diatomite has been incorporated in 
metal-polishing creams, notably Electrosilicon. 

Miscellaneous Abrasives. A number of these have been used for a considerable 
period in buffing compositions and as polishing materials. Many are metal oxides. 
Whether or not chemical reaction takes place between the surface worked on and 
the metal oxide polishes is a problem which has been investigated by metallurgists. 
One of the best known of such polishes is rouge (chiefly iron oxide, FesO;), which is 
used on a large scale for polishing plate glass, plastics, and also metals, especially the 
more precious ones. Ordinary rouge is red and was originally a by-product of the 
sulfuric acid industry. Black rouge is the black mineral, magnetite. Green rouge 
is chromic oxide (Cr203), noted for the high luster it imparts to platinum and the 
stainless steels. If the work is done at high speed, a protective coating is believed 
to be formed ou the steel, thus enhancing the polish. Crocus (more strictly erocus 
martis) is a dark-red iron oxide (Fe:0;) similar to rouge. Tt was for a long while the 
standard buffer for polishing iron and steel, especially cutlery. Glass has been used 
as a substitute for flint, notably in England and Canada. The supply has been 
furnished by scrap bottles. Putty powder is 85% or more tin oxide, the rest being 
lead oxide, which adds body. It is questionable whether these powders have a true 
abrasive action. 

More truly abrasive polishing powders are: soft silzca, or silica, which is a 
naturally occurring, microcrystalline mineral, and lime, or Vienna lime, which 
originally was imported from Austria but is now obtained in Wisconsin. It is a 
culemed, high-magnesia dolomite. It imparts a high finish to nickel, giving the 
nickel a peculiar ‘undersurface blue.” Lime also polishes brass, copper, bronze, 
etc., as well as celluloid and plastics. 


Manufactured Abrasives 


It is immaterial to the abrasive engineer whether the abrasive is natural or 
manufactured, but to the chemist interest heightens at once when the synthetic, 
manufactured material is involved, especially when the syntheses are of such striking 
character as those described. 

Silicon Carbide, SiC (see Carbides). This compound results on heating sand and 
coke together with some sawdust in an electrothermal process: SiO: + 30 —> 
SiC -F 2 CO. The discovery that the compound was silicon carbide started a new 
chapter in applied inorganic chemistry. It has been claimed that silicon carbide 
has been found in certain meteorites, but it is strange that a substance so resistive 
has so rarely been found in nature. There are two varieties of silicon carbide, the 
ordinary gray, or “black,” and the green. The green variety is translucent and is 
the purer; both are harder and stronger than corundum. In grinding wheels, the 
properties of silicon carbide make it suitable for grinding both hard, brittle materials 
and soft materials of low grinding resistance. Examples of such materials are glass, 
granite, chilled iron, cemented carbides, aluminum, rubber, and leather. 

Fused Alumina (sec Aluminum compounds). Melting corundum, emery, or 
bauxite to give a refined aluminum oxide had been practiced before Charles F. 
Jacobs (12) patented the first successful process for making fused alumina and con- 
trolling the “temper” of the product, which became the leading abrasive on the 
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market. Ttismnot ms hard as silicon carbide, but it is tougher aud iore durable aud 
superior for rugged work, yet the erystals break down often enough to work cffec- 
tively. Fused alumina ix specially adapted to vitrified bonding (see “Bonds,” 
page 9). 

Boron Carbide, B,C (sec Carbides). This is the hardest material yet synthesized 
(8). Tt has been used for lapping tungsten carbide dies and tools and also has uses 
based on its resistance to abrasion, such as the making of gages for measuring bore 
diameter. 

Metallic Abrasives. Steel shotis chilled cast iron. Streams of the molten metal 
are exposed to hot air and 80 Db. steam pressure, whieh separates the metal into drops 
of various sizes and blows thom into a tank of water, in which they are chilled. 
The shot are further conditioned to make them tougher and harder, and then 
screened into various sizes. The finer sizes are used in metal blasting to clean 
castings, ete, while the material over [5-mesh is used in sawing, grinding, and 
polishing stone, marble, and granite. 

Steel grit is steel from special high-carbon. steel, which has been crushed, then 
heat-treated for hardening, and then screened for size. The sizes coarser than 90 
are used in the same way as are shot in working stone. The finer sizes are used in 
stecl coment, for facing surfaces of iron pipes, in joints, and even in grinding optical 
lenses. 

Steel wool is marketed in nine grades. The tong fibers of steel wool are made by 
shaving steel wire. High-manganese open-hearth steel wire is dragged over a track 
and completely shaved by a stationary knife on a special machine in one operation. 
Steel wool hag a considerable popular use in scrapmg and sandpapering, especially 
since it is noneloggiug. 


Utilization 


Virtually all manufacturing operations are dependent upon abrasives at some 
stage of the processing; numerous industries employ abrasives at many points lor 
cutting, griuding, and polishing. 

Loose Grains and Powder. Abrasive material is used as loose grain or powder, 
mixed with soap, or on lapping wheels or with buffing wheels, or it can be made up 
into grinding wheels of any practical specifications, or into sharpening stones and 
specialties. 

Coated Abrasives. This is the technical term for sandpaper and its variations. 
Paper, cloth, and combinations of them are employed as hackings, and silicon car- 
‘bide, fused alumina, garnet, Mint, and emery are the principal abrasives used, the 
grit sizes running from 12 to 600. Hide glue is used as bond except in the casc of 
waterproof products, when resius are employed. In the coating machine, the 
abrasive grain is ordinarily silted over the moving glued surface of the paper. This 
older process iy being replaced gradually by the newer, ingenious, electrostatic 
process, in which the grains are clectrostatically attracted to the glued backing, end 
on, where they are well anchored in sn upright position (Fig. 2). The conveyor belt, 
i, together with the grains, takes on a heavy negative charge, and the glued paper, a 
corresponding positive charge. As the electrostatic field is approached, the grains 
jump to the paper and remain there. The practical result is a sharper surface and a 
longer life for the coated abrasive—one reason why less garnet paper is being used. 


ABRASIVES 7 


For work that would ordinarily clog the abrasive, an electroeoated paper ean be 
obtained with grains only half as denscly deposited and giving more satisfactory 
results. Cloth is being steadily displaced by paper specially devised to he as 
strong as the cloth, and flexible. Among the uses are: wood sanding; metal work, 
including polishing, painting, and varnishing; tanning; shoemaking; and hat 
finishing. Modern coated abrasives have been developed into high-speed cutting 
tools, some capable of precision work, The two standard Torms in which coated 
abrasives are sold are sheets 9 xX 12 iu. and rolls 50 yd. long. By winding rolls 
spirally, various tapered points or noses ean be made, which will conform to odd- 
shaped recesses in the work and give high finishes. Narrow strips of coated paper 
can be spirally wound to the form of abrasive cord, which can be threaded through 
holes to remove burrs and to polish edges to a required radius, For expert advice 
on the choice and use of coated abrasives in the woodworking industries, see Trow- 
bridge (11). 








A Negative etectrade E Conveyor belt carrying loose grain 
B Positive electrode F Paper glue side down 
C-D Lines of electricat lorce G Abrasive grain embedded 


vertically in glued surface 


Courtesy Norton Co. 


Fig. 2. Electrostatic coating of sandpaper, 


Polishing, Buffing, and Lapping. Polishing is a rather loosely used, unscientific 
term. Polishing serves to clean and smooth the surface, removing tool marks, 
seratehes, and other blemishes aud giving the object the desired appearance. The 
more exacting the polishing, the finer is the abrasive required; for example, the grit 
sizes (U.S. sieve) of Naxos emery recommended are: for polishing auto bumpers, 
first polish 60-90, second 120, third 150-180, fourth 220; for plow shares only one 
polish 36-46; for telescope lenses, first 60-80, second 180-220, third 320, fourth 
optical flour (ens~-polishing powder)—medium or fine, fifth rouge. The more 
rapid and efficient work is done mechanically with a flexible polishing wheel. Disks 
of eloth or the like are laid together flat and stitched or otherwise fastened together. 
Leather-covered wooden wheels are found advantageous in cutlery manufacture, 
In place of the wheel, it is common to use an endless belt. High-grade adhesive glue 
is applied to the polishing surface, and the abrasive is sprinkled on the glue. High 
eapillarity is desirable in the abrasive grains in order to absorb the glue solution 
more firmly. Preference is being given increasingly to the manufactured abrasives 
(generally fused alumina) and emery, though many other materials are in use. 
The abrasive must be very hard and tough, and of uniform chemical composition 
and crystal structure. 

From a eost standpoint, finishing is one of the most important items in metal 
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fabricating and, therefore, a desirable one for scientific control. Even the concen- 
tration of the glue is important, the fiuer grit sizes calling l'or relatively more water. 
The drying also influences the durability of the wheel. Speed of operation also must 
be studied to get best results. The abrasives commonly used in finishing are: 
tripoli, lime, levigated alumina, emery, and the rouges. 

Buffing is a refined type of polishing though it does not aim at accuracy. Iu 
general, a much smaller size of abrasive is employed, for example, 500-600. No 
adhesive is used to carry the abrasive grain on buffing wheels. It is common to feed 
the abrasive by means of buffing sticks, made up in various compositions, sometimes 
containing a hard grease or beeswax. The melting point of the grease is important. 
The finer part of the job is called “coloring,” its purpose being to bring out the true 
color and final luster. 

Lapping is a mechanical method of achieving improved accuracy aud, some- 
times, higher finish also. It is resorted to especially on paris for instruments, and 
where two surfaces must fit cach other tightly. Lapping is preceded by a careful 
grinding to within, at most, 0.0005 in. Silicon carbide, fused alumina, garnet, and 
especially emery are most generally used. The carrier of the abrasive is termed the 
lap and may be of wood or grooved cast irou or eyen an abrasive wheel, As a rule, 
the lap should not be harder than the material being lapped. The lapping com- 
position consists of a suitable vehicle, such as kerosene, that will spread the abrasive 
and keep it in contact with the lapped surface. For more details on lapping see 
Heywood (4). 

Sharpening sticks include a number of familiar urticles, such as hones, whet- 
stones, and oilstones. The older lines of these products are shaped out of blacks 
quarried from massive beds of rather uniformly fine-grained sandstone, such as 
novaculite and washita (both from the Ozark Mountains). An old established 
manufacturer claims that the novaculite oilstone gives the finest edge of any oilstone 
in existence, either natural or artificial. Nevertheless, the manufactured abrasives, 
silicon carbide and fused alumina, have had much success in competition with them. 

Grindstones, pulpstones, burrstones, and ordinary millstones were formerly 
sandstone products. Pulpstones are designed to grind logs into pulp for paper. 
They are the largest products of the grinding-wheel industry, being about 5 ft. in 
diameter and over 3 ft. wide on the face (periphery). They used to be quarried, 
like grindstones, but are now made of bonded silicon carbide or fused alumina. 
Burrstones are more efficient millstones, being extensively used (in pairs) to grind 
grain, pigments, and cement; however, in flour mills, steel rolls have gradually re- 
placed them. ' 


BONDED GRINDING WHEELS 


A great advance over the quarried product was achieved when fine or crushed 
abrasive material was carefully prepared, bonded, and fired. Emery stones were 
made in 1874 by mixing ground emery of the right size with about half the weight of 
clay and water to make a stiff paste, which was molded by pressure and then baked 
in a muffle. Similar "consolidated" emery wheels were made in Britain in 1863 with 
a vulcanized rubber bond. Other bonds were soon used: hydraulic cement, resin, 
glue, shellac, and sodium silicate; these were eventually followed by fusible clays. 
The substitution of bonding for quarrying opened the door to the use of manufac- 
tured abrasives on a rapidly enlarging scale. 
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Selection of Abrasive. First, one must decide what abrasive is likely to give 
best results and, then, be guided by the outcome. The wheel will be judged by the 
rate at which the material is removed from the “work,” any harmful effect on the 
work, and the loss of diameter of the wheel (wheel wear). In mass production, time 
is also a factor of importance, especially if the labor costs are high. Once the abra- 
sive has been chosen, three more main factors are concerned: the grains, the bond, 
and Lhe strueture. 

Grains. The lumps of silicon carbide or fused alumina that come from the 
electric furnaces are broken up by jaw crushers and reduced to size by rolls. The 
control of grit size is essential, and involves regulated sifting. The U.S. Dept. of 
Commeree Grain Standards are as follows: The sizes into which silicon carbide 
abrasive is sereened run from 8-mesh to 240-mesh; (U.8,) unclassified flours F, 98, 
3F, 4F, and XT'; classified flours 280-600. The sizes for fused alumina run from 4- 
mesh to 240-mesh; unclassified flours F, 2F, 3F, 4F, and XF; classified 280-600. 
The sizes smaller than 240-mesh are separated by hydraulic flotation and sedimenta- 
tion or, in some cases, by air classification. Tollowing are the standard types of fused 
alumina used in loose grain orin wheel compositions (4): standard, for general use; 
heavy-duty, which is less friable; high-tempered, for polishing, ete.; also, a special 
form to take adhesive; sharp, for coated abrasives. For silicon carbide, the types 
are similar: heavy-duty; light-duty, which is nore friable; especially hard, which 
is treated to promote gluc adhesion (see “Coated abrasives,” page 6); polishing- 
grain, for finishing glass aud stone. 

Bonds, This is the chapter of the story of the abrasive industry involving the 
most chemistry and upon which probably the most research is being carried out, 
much of it leading to a small percentage of improvement here and there. | Successful 
bonding requires properly graduated breakdown of bond, allowing complete use of 
the abrasive to be made. There are six principal types of honds: silicate, vitrified, 
shellac, rubber, resinoid, and metallie alloy. 

Silicate Bonds, The silicate bond is the simplest to use; the grain is mixed 
with & waterglass solution, a8 well as some clay or other powdered immaterial, and 
tamped in the mold, The ides is said to have come from a manufacturer of artificial 
stone in Detroit. The grade depends on the relative amouut of bond and extent of 
tamping. ‘The wheels are dried and oven-baked at 250°C. for 2-3 days, and are 
quickly finished, giving a wheel that is rather soft, but which finds considerable use 
in cutlery manufacture for sharpening knives. The silicate bond releases the grains 
more readily than other honds, so that silicate wheels are milder acting. They are 
used for grinding edged tools; where large wheels are desired; and where the heat 
generated must be kept down. Mechanical reinforcement, if desirable, is provided 
by embedding woven wire in the wheel. 

Vitrified Bonds. By far the most commonly used bond is the vitrified bond, 
developed from the pottery industry. Research along the line of thin ceramic 
wheels has been largely given to perfecting the bond and the heating cycle. The 
common vitrified bond formulas include elay, feldspar, flint, and frits in addition to 
the grain. There are two methods of forming, namely, puddling and pressing. In the 
puddled method, tho wet mixture is poured into molds, in which it resembles a 
muddy puddle, and is allowed to dry; the wheels are then shaved nearly to size on a 
potter’s wheel. In the pressed method of molding, the batch is compressed by 
hydraulic pressure. Both types of wheels are then dried, after which they go to the 


10 ABRASIVES 


kin, Continuous, gas-fired, electrically controlled kilns are preferred to the 
periodie kilns. With the close of the maximum production period initiated by 
World War II, it is reasonable to expect that many periodic kilns will be replaced by 
continuous kilns. The firing seems to produce a genuine chemical union between 
erain and bond. The grace (toughness) of vitrified wheels depends on the ceramic 
formula employed and the bake, which has to be determined by a long period of ex- 
perimentation. A common firing temperature is about 1300°C. Since the vitrified 
bond is somewhat brittle, it is limited to a speed of 6500 surface feet per minute (the 
number of linear feet the wheel would cover in a minute if rolling along a fixed path), 
but nevertheless is used for much heavy work. Vitrified wheels are fortunately not 
attacked by moisture, mild acids, oils, or ordinary weather conditions. 

Shellac Bonds. Shellac wheels are made by mixing shellac with abrasive grain 
in asteam-heated apparatus, and molding the mixture for a few hours in a hydraulic 
press, the decks of which are kept heated by steam to about 150°. There is some 
uncertainty as to how long shellac will hold its place in competition with the new 
resinoid bonds. Shellac wheels with fine grit are used for putting high finishes on 
‘amshalts and stecl rolls. They are widely used for shaping and sharpening knife 
blades, as well as for sharpening the teeth of saws in saw mills. The well-known 
edge of safety razor blades is produced with the aid of 500-600-size fused alumina 
and a shellae bond. 

Rubber Bonds. The preliminary treatment of the rubber resembles that used 
elsewhere in the rubber industry. The abrasive grain, vulcanizing agent (sulfur), 
and other ingredients are added as the rubber is worked back and forth between 
heavy differential steel rolls and then through calender rolls to the proper thickness. 
The wheels are cut out of the resulting sheet with a round cutter and are then heat- 
cured. It is a fine example of scicntific research supporting industry that, during 
World War IY, tbe abrasive wheel manufacturers were able to maintain output using 
synthetic rubber, the product. being satisfactory to the users of rubber-bonded 
wheels. Rubber wheels are especially suited to high-speed grinding, such as cutting 
off or sawing. Rubber bond is adapted to the thinnest wheels, such as those used to 
slit pen points. Of recent interest are the resilient rubber wheels which allow their 
abrasive points to file the work, while, at the same time, the points are pressed back 
into the bond sufficiently for the bond to exereise a polishing action. 

Resinoid Bonds. Their nature is that of a synthetic resin or plastic. Sine 
Baekeland found that his well-known phenol-formaldchyde resin would serve as à 
bond for abrasives, probably most of the multitudinous synthetic resins have been 
tried for this purpose, but few have been successful save those of the alkyd or Glyp- 
tal-type (glycerol phthalate) resins (ee Alkyd resins). The resin must have, not 
only high (internal) strength, but adequately strong adhesiveness, and resistance to 
heat gencrated in the grinding. Next to improved quality, the feature most sought 
is quicker cure. 

Other ingredients are desirable in the resinoid bond mixture, notably catalyst, 
plasticizer, and filler, A catalyst can affect the polymerization velocity in various 
ways, as, for example, by modifying the degree of cross liukage (sce Polymers). A 
plasticizer, such as furfural, gelatinizes the resin so that it adheres better to the 
grain. This is important for the strength of the cured product, since the bonds 
should hold the grain, not simply as one wonld grasp a ball, but by extensive ad- 
hesion and possibly also to some extent by chemical union. The addition of a (sup- 
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posedly) inert substance like siliea as a filler often serves to modify the properties. 
Some fillers absorb water formed during the condensation, some facilitate the cut- 
ting, others help to avoid “loading” on the wheel face—whieh oveurs when the bond 
does not crack off to expose fresh abrasive poiuts, but softens from the leat. and 
smears the surface. In some cases, a filler, such as sulfur, is put on as a coating after 
the wheel is baled. 

‘There are various ways of making and curing a resinaid wheel, One is to stir 
the plasticizer with the grit till the latter is all wetted. lo this, the mixture of pow- 
dered resin and filler is added and the proper umount spread in the mold, whereupon 
the mold is put in a hydrautie press and the batch properly compressed, cold or 
warm, as desired. Thereupon the “green” wheel is laid on a flat, eireuli, ceramie 
disk, and put in the oven for the “cure,” with the temperature (earcfully controlled) 
rising slowly until the water is harmlessly eliminated, aud then increased on a care- 
fully studied temperature course through the range of polymerization. The average 
cure is 72 hours. 

Metallic bonds followed the rapid demand for dismond-surfaced wheels, 
especially in connection with their use in grinding cemented carbide tools. In 
metal-centered wheels, a central zone of aluminum composition keeps the abrasive 
surface cooler by carrying off the heat of grinding. In metal-bonded wheels, the 
diamonds are embedded, by a powder-metilhirgy method, in a solid metal alloy 
which reinforces the diamolds against mechameal injury, as well as prevents un- 
due heating. Alloys of copper and tin, as well as steel, are employed in bonds, 
The chief field of this method is in wheels for cutting the cemented carbides and in 
cup wheels for resharpening cemented carbide tipped tools. 

Bonds of Minor Importance. Nearly everything of an adhesive character has 
been tried out as a bond for abrasives, the most common heing, probably, a mag- 
nesiiun oxychloride cement (see Cement). It is cheap and hardens quickly, though 
not completely. The most practical form is a flat disk, less than '/,-inceh thick and 
generally attached to a steel disk for remforcement against warping. There is an 
exteusive literature on the subject, far out of proportion to its value, especially on 
the composition, which is variable. 

Grinding Liquids. “The liquids used in grinding keep the surface cool, lubricate 
the grinding, help to carry the detritus away, and prevent loading. Such a liquid 
may contain a rust preventive; it may also eliminate dust, reduce the time factor, 
and improve the quality and quantity of output. 

Testing Wheels. It is a great advantage in the manufacture of abrasives that 
the processes ean be controlled by instrument, so that the produet is certain to meet 
tbe specifications. Nevertheless, it is essential that, aside from the customary 
analytical tests of raw materials and produets, a variety of special tests be applied, 
such as (1) for condition and shape, (2) for grade, with a narrow chisel, either hand- 
or machine-operated, (8) for specific gravity, (4) for soundness (ring), by tapping 
with a mallet to get the characteristic rmg, (4) speed test to breaking, by gradually 
raising the speed in a fully housed machine until the wheel breaks, (6) for truth, 
that is, being true to specifications, by calipering and contact (to see if, on rotating 
on an upright spindle, it remains at strictly 00 degrees), In large orders, specimen 
pieces may be chipped off for analysis and sizing of grain and determination of per- 
centage composition of the mixture. 

Standard Wheel Markings. Toward the end of 1944, grinding-wheel manu- 
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faeturers started using a new marking system for grinding wheels devised by the 
Standardization Committee of the Grinding Wheel Manufacturers Association. 
The new system harmonizes the markings but not necessarily the grinding actions, 
which may differ for different makes. The chart (Fig. 3) explains the meanings of 
the various numerals and letters in the marking of the wheel, Fuller information 
ean be obtained from some of the manufacturers concerning kind of abrasive, grain 
size, grade or softness, structure (optional), kind of bond, and, in addition, optional 
items indicated by prefixes or suffixes, such as manufacturers’ code number, which 
might appear before or after the group of standard designations. 


STANDARD MARKING SYSTEM CHART 


Sequence 1 2 5 4 5 6 
Prefix Abrasive Grain Grade Structure Boud Manufacturer's 
Type Size Type + Record 


5| A 36 L 5 VM 23 
— 


MANUFACTURER'S 
SYMBOL 
INDICATING EXACT 
KIND OF ABRASIVE. 
(USE OPTIONAL; 













MANUFACTURER'S 
PRIVATE MARKING 
TO IDENTIFY WHEEL. 






Dense to Open 
1 9 


(USE OPTIONAL; 





10 
11 
12 V—VITRIFIED 
π 6 130 13 S—-SILICATE 
ALUMINUM OXIDE—A “ ^ 6 14 ᾽ 
R—RUDDER 
24 150 7 16 
SILICON CARBIDE-C 180 8 Ete. B—RESINOID 
(USE OPTIONAL) E-—-SHELLAC 
O—OXYCIHLORIDE 
Soft Medium Hard 


ABCDEF GHISKUMNOPQORSTUVW XY Z 


GRADE SCALE 


Fig. 3. Standard wheel markings (10). 


Types of Wheels. There are abrasive wheels of all sorts of design: ordinary 
grinding wheels of various proportions, thin wheels for cutting off, cup shapes, ancl 
many others for special jobs; also large wheels like pulpstone wheels that are best 
made segmentally, aud very small wheels of various shapes designed for mounting 
on a slender steel rod so as to fit into a portable chuck. These last are called 
"mounted poiuts.' Beeause of the special needs of purchasers, grinding-wheel 
manufacturers had, by 1945, developed over 100,000 different items varying in 
design, size, abrasive, bond, grain, aud grade. 

Honing machines constitute one of the most recent and valuable advancements 
in the grinding-wheel art. At the outset of World War II, a large increase in 
production of rifles became urgent. Fortunately, a machine was developed capable | 
of rectifying quickly the irregularities resulting from drilling the gun barrel, that is, 
capable of “finishing” the barrel. Sticks of rectangular cross section, for example, 
UV, X 5/5 X 5 in., are made of bonded, fine-grain, fused alumina and are mounted 
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at the end. of a long taplike tool in plaee af a screw tap; the group of abrasive- 
bonded sticks resembles in miniature the vertical staves of a round wooden tank, 
The tool not only rotates, bul moves back and forth endwise, giving multimotions. 
The pressure on the work ean be increased and the abrasive head can be expanded, 
these two controls making for high speed of removal and accuracy of operation, 
respectively. Machine honing, because of its flexibility and adaptability, is widely 
used, as in engine eylinders, and the business amounts to tens of millions of dollars 
annually. Sticks even as small as '/ie & '/ig & ty im. find use. The choice of 
abrasive grain is considered important. 

Superfinishing (10) is a Chrysler process employing sticks operated at low 
pressure for producing smooth surfaces. 

Safety. lu the days when sandstone and flint were the chief industrial abra- 
sives, silicosis wus a dreaded disease; with the shift to silicon earbide and alumina 
and an ample installation of dust collectors, respiratory troubles were minimized, 
leaving mechanical accidents as the principal hazards. The. American Standard 
Safety Code for the Use, Care and Protection of Abrasive Wheels was issued Sep- 
tember 1, 1943, by the Grinding Wheel Manufacturers Association, 27 Elm Street, 
Worcester, Mass. 

Possible Lines of Advancement. Some idea of the line of thought in un abra- 
sive research laboratory may be gained from the following list of topies which are 
suitable for investigation: (Z) faster enring of wheels, (2) inereasmg the heat re- 
sistance of wheels, (3) increasing the water resistance, (4) achieving the same repro- 
ducibility of bonded abrasives that is possible in inorganic chemistry, (5) testing in 
the laboratory to correspond with field conditions, anc (8) using higher-temperature 
kilns, 

Parallel trade names used for silicon carbide and Fused alumina by ten different 
companies are given in the table (4). 




















Silicon carbide Fused alumina 
Abrasive Co. Ijectrolon Borolon 
American Abrasive Co., Ine. Sika Oxaluma, Boro, Carbone 
American Emery Wheel Works Carbolite Aluminox 
The Carborundum Co. Carhorundum Aloxite 
'The Exolon Co. Carbolon Exolon, pleetrogrit, Cristalba 
General Abrasive Co., Ine. Carbonite Lionite 
The Hamilton Emery & Curundum Co, - Indian Brand Abrasit 
The John W. Higman Co. Superundum Oxalum 
Norton Co. Crystolou Alundum 
Washington Mills Abrasive Co, Silearide, [Klik Duralun 
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ABRINE, Cis HaaN Os. See Alkaloids. 
ABSINTHE OIL. See “Wormwood oil” under Oils, essential. 
ABSOLUTE ALCOHOL. Sco Alcohol, industrial. 
ABSOLUTE TEMPERATURE SCALE; ABSOLUTE ZERO. See Temperature 


measurement, 


ABSORPTION 


Absorption refers to the transfer of material from à gaseous mixture to a liquid solu- 
tion. Typical examples are the absorption of amunonia gas in water to produce 
ammonium hydroxide, and the absorption of hydrogen chloride in water to give 
hydrochloric acid. Absorption may be used for two purposes: first, it may re- 
cover traces of a valuable constituent that could not be separated efficiently by any 
other process, and, secondly, t+ may remove traces of obnoxious or otherwise objec- 
tionable substances fron. a waste-gas stream. An absorption process that serves 
hoth purposes is the removal of sulfur dioxide from stack gases by serubbing with 
waler. In this case the sulfur dioxide would be objectionable if delivered to the 
atmosphere, while it has a definite value when recovered and converted into sulfuric 
acid, 

The reverse operation is ealled desorption, and consists in the removal of a 
gaseous component of a liquid mixture by bringing the liquid into contact with an 
inert gas, Here again, the purpose may he twofold: to recover the material so 
removed as a salable product, and to improve the quality of the liquid from which 
it is removed. Both of these purposes are fulfilled by the side-stream strippers used 
in the separation of crude oil into its fractions. In this case steam is introduced 
iuto the bottom of a tower aud brought into contact with a side-stream from the 
main [ractionating tower. This steam carries off the more volatile components 
present in the side-stream and returns them to the original tower, where they are 
finally recovered in the next lighter fraction, 

The separations achieved by both absorption and desorption could be carried 
out by a considerable increase or decrease it: pressure. Thus, given a mixture of 
methane, ethane, propane, and butane, some separation of the first two from the 
last two might be achieved by compressing the mixture to the extent necessary for 
condensation of liquid propane and butane; but it is fur more economical to conduct 
an absorption operation by bringing the gas into contact with a kerosene fraction of 
low volatility, in which the propane and butane are preferentially dissolved. Sim- 
ilarly, the drying of a nonvolatile quid, which cannot be safely heated, could be 
effected by the use of a vacuum process, but it is more expeditious to bring the liquid 
into contact with a stream of warm dry air, which dries the liquid at low tempera- 
ture by desorption. 

Gases that are close Lo or above their critical temperature invariably exhibit 
only a slight solubility in an inert solvent. Large quantities of solvent must then 
be used; if it is necessary, as is usual, either to recover the absorbate or to recycle 
the liquid, large-quantities of liquid have to be heated. For this reason, im most 
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industrial applications of absorption the solvent employed is oue that eau react 
with the gas to be extracted. In these cases high concentrations of the recovered 
gas can be obtained, the limiting fuctor being the solubility of the reactant (or of the 
products of the reaction) in the particular solvent. Examples of absorption with 
chemical reaction are sulfur trioxide in less than 100% sulfuric acid to produce con- 
centrated sulfuric acid, nitrogen peroxide in water to produce nitric acid, carbon 
dioxide in soda ash solution to form sodium bicarbonate, and many others, 

In many cases in which the absorbate is to be recovered free from the liquid 
absorbent, it is desirable to produce an unstable compound that will readily liberate 
the absorbed gas. As an illustration, a solution of sodium hydroxide or potassium 
hydroxide will readily remove the carbon dioxide from a gas to form the carbonate, 
This compound is extremely stable to heat and cannot be employed if the carbon 
dioxide must finally be recovered in the pure state, However, a solution of an 
alkaline carbonate will react with additional carbon dioxide to form a bicarbonate, 
which can be decomposed by heat to liberate pure earbon dioxide. "Thus, in the 
production of liquid and solid carbon dioxide, a flue gas consisting of carbon dioxide, 
nitrogen, and exeess oxygen is serubbed with a solution of sodium carbonate and 
sodium bicarbonate to remove the carbon dioxide. The rich solution is heated, 
and all of the absorbed carbon dioxide is liberated. The residual carbonate and 
bicarbonate solution is cooled and reeyeled to absorb additional earbon dioxide. 
The carbon dioxide gas is cooled, the condensed water-is removed, and the carbon 
dioxide gas is dried, compressed, and Hquefied to praduce the Hquid carbon dioxide 
or the solid carbon dioxide, which is marketed under the name of “dry ice.” 

In recent years a more efficient method for producing pure carbon dioxide has 
been developed. In this process the carbon dioxide is absorbed in a solution of 
monoethanolamine in water or in 4 solution of diethanolamine in water. In indus- 
trial application these solutions are usually referred to as M.EA. or D.ELA. solutions, 
respectively. The carbonate solutions obtained by absorption of carbon dioxide in 
M.E.A. or D.E.A. decompose at a much lower temperature than sodium bicarbonate 
solution. Both the sodium esrhonate aud the ethanolamine solutions can be used 
also to absorb hydrogen sulfide as well as carbon dioxide. However, the removal of 
hydrogen sulfide is usually carried out lor purifieation purposes rather than for the 
production of liquid hydrogen sulfide, and therefore the sulfide solution is usually 
regenerated by blowing air through the solution to eliminate the hydrogen sulfide. 
This process thus employs both absorption and desorption operations. 

Absorption cai be used for the recovery of solvents from very dilute mixtures 
of the solvent vapor with air. In these eases there may be no chemical reaction 
between the absorbate and the liquid used, but the fact that the absorbate is below 
its critical temperature—in fact usually below its boiling point—means that a 
sufficient concentration in the liquid can usually be obtained. It is possible to 
recover by absorption the last traces of an organic solvent (such as ethyl alcohol or 
acetone) from a very dilute mixture of ils vapor with air (such as one that results 
from drying a product crystallized from the organic solvent). 


Equipment 


Both absorption and desorption depend upon achieving an intimate contact 
between the gas and the liquid phases. ‘To accomplish this, two main types of 
equipment have been developed, and also some others discussed later. 
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1. Plate towers consist of a set of trays installed above one another in à shell. 
Each tray contains n nutnber a£ bubble eaps, às shown in Figure 1. The gas passing 
through the slots in the eap is broken into small bubbles to give increased surface of 
contact. The liquid flows across the first tray and then falls to the tray below. It 
flows across this tray in Lhe opposite direction and falls to the tray below. Thus, it 
follows a twisting path down the column. Numerous other trays have been de- 
signed with different types of bubble caps and different types of liquid flow. These 
towers have been most frequently used in distillation (qwv.). They have a relatively 
high pressure drop, which is no disadvantage in most. distillation operations, bul 
whieh is objectionable in gas absorption beeause normally the gas stream must be 
compressed inechanically to a pressure at least equal to the back pressure of the 
column, The use of tray columns may require an expensive reciprocating or other 
type of compressor rather than a blower, which could be used in a column having 
less back pressure. The plate type of absorption column is generally favored for 
large installations because the efficiency of the 
tray is very nearly independent of tray diameter 
aud may even increase somewhat with the diam- 
eter, 

2. Packed towers are filled with clifferent 
odd-shaped solids, whieh are either dumped into 
the tower at random or distributed in some 
systematic manner. These solid bodies inter- 
fere with the gas and liquid passing through the 
tower by retarding the direct flow and causing 
the streams to follow tortuous paths through the 
packing. This increases the surface of contact 
Fig. 1. Plate column with single caps. between the streams and algo increases the tur- 

bulenee of the individual streams. The primary 
requirement of a good tower packing is that it must provide a large effective sur- 
face of contact between the gas and the liquid phases. This property is not neces- 
sarily a direct funetion of the surface of the dry packing. Perforated hollow spheres 
that have a large surface are not very effective because the gas and liquid. inside 
these spheres are stagnant. The other requirements of a tower packing are: large 
free volume to give low pressure drop; and low weight per unit volume, which 
is important in considering the foundation required, and, sometimes, in considering 
the thickness of the tower shell, which must resist the outward thrust of the packing. 
In some cases in which the absorption is controlled by a chemical reaction in the 
liquid phase, a large hold-up of liquid in the packing is desirable; however, in general, 
a low hold-up is desired because this usually means lower pressure drop in the 
packing, 

Almost every conceivable shape las been proposed for tower packing, but only 
a few have had wide application (see Fig. 2). Broken rock is usually available but, 
it is very heavy and has a low free volume, Coke has the advantage of low weight 
per cubic foot but also has a low free volume and, therefore, a high pressure drop. 
Raschig rings have the greatest number of applications because they provide a 
large effective surface of contact between the gas and the liquid phases and they 
have a large free volume. They are available in sizes from '/, to 6 in., and the usual 
design has a height equal to the diameter. They are more expensive than either 
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broken stones or coke but the increased capacity usually offsets this factor. Berl 
saddles are also used but their much greater cost over the Raschig rings is not always 
balanced by their increased effectiveness except in special applications; they are 
available in sizes of !/, in., 1 in., and 11/5 in. 

All the above-mentioned types of paeking are dumped into the column at 
random and are therefore the easiest to install. Practically all of the special shapes 
that have been devised must be stacked uniformly in £he column in order to obtain 
the advantage of the special design. Thus these types of packing have a very high 
installation cost and therefore have not been as widely applied as the simple Raschig 
rings. Of these spécial types, the following ean be mentioned: partition rings, 
spiral rings, Nielson propeller types, cone packing, hexahelix packing, corrugated 





Fig. 2. Types of tower packing: (a) Raschig rings, (6) Berl saddles, (c) hexa- 
helix packing, (d) Lessing rings, (e) Nielson propeller packing, (f) prismic packing, 
(g) Hechenbleikner blocks, and (A) partition rings (17). 


Raschig rings, prismic packing, and Hechenbleikner blocks. Other types of packing 
that have been used are Lessing rings, Stedman packing, Bregeat multiple spirals, 
and wire textile packing. All of these packing types are supplied of metal and, 
consequently, are not as generally resistant to all corrosive conditions as are the 
stoneware shapes. 

Large-diameter columns, into which the packing is dumped at random, are 
usually considerably less efficient than towers of smaller diameter. Statistical 
analysis of the liquid downflow iu a packed column indicates that it will tend to 
flow to the wall and that the center of the column will become almost dry. In 
such a case the packing will not be very effective because the gas tends to pass 
upward through the center of the column. ‘Thus, in large packed columns provi- 
sions must be made for collecting the liquid at the walls and redistributing it over 
the packing as uniformly as possible. One method consists of installing a trough 
around the outside shel! to catch the liquid and allow it to drain through tubes to 
different points near the center of the packing. This is generally doue at 8-10 ft. 
intervals, although some engineers prefer intervals of 3-4 ft. Under these condi- 
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lions, it is apparent that tie economic advantage of a packed column over a plate 
column due to simpler construction will soon disappear. 

Columns with dumped packing operate effectively without elaborate redis- 
tribution devices when the diameter does not exceed 8-12 in. In general the paek- 
ing size should be less than one-cighth of the column diameter. Also, in this 
diameter the liquid should be redistributed at 8-12 f. intervals by supporting the 
packing and returning the liquid toward the center of the next bed of packing by 
means of an apron attached to the inside of the shell. This void space also allows 
the gas to mix thoroughly. In a packed column of this diameter, the liquid feed at 
the top should be introduced at several points distributed across the packing level, 
although, a single-point introduction will only decrease the effect of the top foot of 
packing depth. . 

To obtain the same results in the plant-seale operation of a large packed column 
as in the smull laboratory column, attention must be directed to the problem of 
uniform gas and liquid distribution in the mechanical design of the unit. Some- 
times this ean be accomplished by careful stacking, as with the larger sizes of pack- 
ing, but the increased lahor in erection brings the cost of the column into the cost 
range of a plate column. 


Miscellaneous Methods. In addition to plate towers and paeked towers, 
several other inethods have been developed for establishing contact between gases 
and liquids. Spray towers are used mainly for humidifying air, although any other 
application is possible. In these spray columns the liquid ean be pumped under 
high pressure through a fine spray nozzle, or it can be atomized by forcing it through 
a nozzle together with an appropriate quantity of high-pressure air. Another 
method for atomizing the liquid, which allows a wider range of operating conditions, 
consists of impinging the liquid against a disk rotating at very high speed. In 
another apparatus, the gas enters tangentially, and is forced into a spiral path by a 
system of deflector plates. This unit is used mainly to eliminate the dust, fumes, 
and odors from air, and has a very low pressure drop (see Gus cleaning; Gas purifica- 
tion). 


Design of Absorption Equipment 


In order to design equipment for absorption, & fundamental basis must be 
found to which the preliminary experimental data, obtained ou small-scale equip- 
ment, can be reliably transposed for predicting the operation of larger equipment. 
Since the basic mechanism of absorption—a transfer of material between phases— 
is a simple case of diffusion, it would appear that the problem could be easily solved. 
However, numerous other factors in the situation make necessary indirect develop- 
ment of the data and the theory. Mathematical treatment of the problem is often 
more precise than the data to which it is to be applied. 

The following discussion is limited to the case in which ouly one compoueut is 
to he absorbed, For multicomponent systems see references 8, 11, and 22. 


EQUILIBRIUM CURVIE 


The fundamental data are the equilibrium partial pressures of the absorbate ai 
various concentrations in the solvent—or the solubilities of the absorbate at various 
partial pressures. "These must be determined, for the appropriate temperatures, 
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over ranges at least wide enough so that they ean be correlated by some method, 
such as that of Othmer and White (16), They are then plotted as an equilibrium 
curve, as the lower line in Figure 3, in which x represents the eoucentration of 
absorbate in the liquid phase and y the roncen- 

tration in the gas phase: any point on this line (αν, χι) 
represents a liquid concentration and a gas con- 
centration that are in equilibrium at the given 
temperature conditions. 


OPERATING LINE 


At any point in the absorption tower, the 
liquid and the gas are not in equilibrium, but 
the gas concentration is higher than corresponds 
to equilibrium with the liquid—otherwise no ab- 
sorption would take place, It can be shown hy Γ curve 
a material balanee that the liquid and gas con- 
centrations at all points in the tower can be 
represented by a 
line, the operating 
line, and, making 
some approxima- Fig. 3. Equilibrium curve and operat- 
tions that will ing Jine: x and y represent ihe con- 

. ceniraiion of absorbate in the liquid 
usually þe jus- phase and in' the gas phase, respec- 
tified in practice, — tively (17). 
this line will eon- 
veniently be straight. In Figure 3, the upper line 
represents an operating line. 

The upper section of the tower, drawn diagram- 
matically in Figure 4, shows that, at steady conditions, 
the amount of solute absorbed by the liquid in any 
seetion of the columu must be equal to the amount of 
solute given up by the gas in the same section. Thus, 
by a material balance on solute around this seetion of 
the tower: 


(15, Y2) 


AV, 





X 


Lr — has = Vy ~ Voto (1) 


(Symbols have significance as shown on the diagram: 
L = liquid flow, suitably in pounds per hour or in 





pound-moles pér hour; V = gas flow iu the same 
units; subseripis 2 refer to the top of the tower, and 
Li figures with no subseript, to the imaginary line of 


ον 2l. section.) By a material balance on solvent: 
Fig. 4. Flow of materials in 


absorption tower. 


LG — r) = Lal -- 20) (2) 
and by a material balance on the inert gas, assuming no solubility iu the solvent: 


FA =y) = Vell — ye) (3) 
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Combining these equations: 


(4) 





The right-hand side of this equation is equal to the ratio of the solvent to the inert 
gas, and this is a constant over the entire column. 

In the case of very dilute solutions in which x, ον, y, and ye are all negligible in 
comparison with unity, equation (4) reduces to: 


Y — Yo Lis . 
ym ld 5 


d — ts V. 





The first term. represents the slope of a line between (zy) and (sys). Since the 
imaginary line of section can be drawn anywhere, including the bottom of the tower, 
it follows that in this instance the operating line is straight. 


Tf a case is encountered in. which the concentrations are sulliciontly large to give appreciable 
variation in the total quantities of vapor or liquid in the column, the operating line might be caleu- 
lated by solving equations (1), (2), and (3) simultaneously for y. However, the problem ean be grent- 
ly simplified by using mole ratios instead of mole fractions. Equation (4) shows that the slope of the 
operating line on this diagram is a constant equal to the ratio of the amount of solvent to the amount 
ofinert gas, Thus, in this case Lhe operating line may also be readily drawn between the points repre- 
senting the terminal conditions. Tt will, of course, be necessary to caleulale the equilibrium curve on 
a mole ratio basis, 


The terminal conditions, Gyo and (®2,y2), are determined by the conditions 
‘of the problem. For example, if air containing 1 mole per cent of acetone is to be 
scrubbed with water to 0.01% acetone, this gives y: and yz The smallest water 
rate that could possibly be used to accomplish this recovery would be that at which 
the water leaves in equilibrium, with the entering gas. Since equilibrium is attained 
only after an infinite tine, this water rate would require a coltunn of infinite height. 
This rate is the theoretical minimun, and any greater water rate will give the de- 
sired recovery in a finite column. For these water rates the operating line im Figure 
3 will be displaced to the left. Fora given water rate the discharged liquid concen- 
tration z is calculated from the overall material balance on‘the coluinn, and az is in 
this case zero. Evidently, the greater this water rate is above the minimum, the 
greater will be the difference between the operating line und the equilibrium curve. 
Consequently, the absorption will take place more easily at the greater water rates. 
However, the greater water rate yields a more dilute acetoue sulution; thus, the 
recovery of acetone from this solution is more difficult and an economic balance 
must be established between the cost of the absorption unit and the recovery unit. 
Tn general, the economical watcr rate to use in an absorption column will usually be 
between one and one-half and two times the theoretical minimum. 


PLATE TOWERS 


If the apparatus {ο be used is à plate tower, the method of design follows very 
elosely the methods used 1n distillation (g.».). A series of steps are laid out on the 
diagram between the terminal points, as in Figure 3. In this figure, there are three 
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such steps, indicating that the required absorption would be effected by three 
theoretical plates. In a theoretical plate the gas is brought into equilibrium 
with the liquid on the plate; the liquid falls down to the plate below, and 
the gas rises to the plaice above, and in each step equilibrium is assumed to be 
reached. In the ease represented in Figure 3, this has only to be done three times 
io effeet the required absorption. 

To obtain the plate efficiency, the experimental data from the small-scale tower 
are plotled, and the number of theoretical plates is divided by the munber of plates 
actually used in the tower. In distillation, plate efficiencies vary from about. 65 to 
(nominal) 100%: for absorption equipment, reported figures range from 7 to 
100%, with 25% as a probable figure. 







: 4 
To design the full-scale tower, the ter- 

minal conditions und operating line ure MURPHREE EFFICIENCY 

plotted with the equilibrium line, the AT 


number of theoretical plates is deter- 
mined graphically, and this figure is 
divided by the plate effieieuey determined 
from the small-seale (ower. The full 
scale tower can then be set up, and it 
will give the required absorption—more 
or less. Tt must be admitted that the 
coucept of the theoretical plate is highly 


M e «11. - : itibri 
unrealistic: if equilibrium were attained, Fawn 
the velocity of transfer would be zero, ) 


and there would be no absorption in a 
finite time. Reported values for overall 
plate efficiencies of 100% either are, in 
reality, about 99%, or are based on faulty 
analysis or sampling. 

A lore rational treutment 18 based 
ou the Murphree efficiency (13) (see 





Fig. 5). In this conception the efficiency x 
of a plate is the fractional attainment of Fig. 5. Illustration of Murphree efficiency. 


equilibrium on each individual plate. — If 
Ya is the concentration of absorbate in the gas entering the (2 -+ 19th plate, gs 
refers to the uctual gas leaving the plate, and i y+. to the gas in equilibrium with 
the liquid z,44 flowing from the (n + 1)th to the nth plate; then the Murphree 
efficieney, Ej, 18 defined as: 
By = Be (6) 
Yn T D 
and similarly, based on the liquid concentration: 
By m L EMI - 
μα ο (7) 
Va — Unti 
The Murphree efficiency refers to the actual behavior of a plate, not to an abstrac- 
tion that does not and euunot exist, As is to be expected, it gives much closer 
correlations between theory and practice. For further details see Distillation. 
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PACKED TOWERS 

A simple, if crude, method of designing full-scale absorption towers from the 
date on small-scale towers is the conception of the height equivalent to a theoretical 
plate. If one foot is found, on the small-scale tower, to be equivalent to a theo- 
retieal plate, then the full-seale tower will be made as many feet high as the number 
of theoretical plates found, from the diagram, to be necessary, .The type of packing 
and liquid and gas rates per unit cross section, and preferably also the diumoter of 
the column, must be the same in both towers. 

However, the concept of theoretical plates is even more unrealistic when 
applied to packed towers than to plate towers, for the absorption does not take place 
in a series of finite steps, but is an integration of a great number of little steps, the 
vapor and liquid concentrations at any point never departing far from the operating 
line. For handling this type of problem the transfer unit has been developed, whose 
purpose is to define a measure of conductivity, comparable to that used in clee- 
tricity, such that: 

L o 1 
resistance — driving foree/quantity transferred 





conductivity = 


Consider that the transfer ol a differential quantity of material changes the concen- 
tration of the gas stream by an amount dy, aud chauges the concentration of the 
liquid stream by de. Since the two quantities transferred must be equal, V dy = 
Lax, and dy/dx, which is the slope of the operating line, is equal to L/ V. The 
valuc of V dy/(y — y*) is therefore a measure of the conductivity, where y* is the 
equilibrium baek pressure of the solution snd (y — y*) is the driving force causing tho 
material to be transferred. A measure of the total conductivity of the system may 
be obtained by integrating, since V is assumed constant, and this may be set equal 
to the average conductivity of the entire system, expressed as a function of the total 
material transferred aud the mean driving force, Ay», whieh is determined graph- 
ically from the plot of the operating line and equilibrium line, by methods described 
below: 


"^d Vh — ya 
y SY. M (8) 
wm YY n 


from which the mean driving foree is: 


no dy 
Ay, — Gh + ~— 9 
Ym Qn y») f. y — yk ( ) 


In the plate method of evaluating absorption systems, it can be seen that, in 
effect, the number of theoretical plates required is the number of times the mean 
driving force (y — y*) must he laid off to give the total increment in y from yz to yı 
(Fig. 3). Thus, the value of the integral, which has been defined by Chilton and 
Colburn (5) as the number of transfer units, Ng, is: 

Nn = | tl, = Boe (10) 
mo yy Ym 


This expression is similar to that [or the number of theoretical plates, except that a 
different average driving force is chosen to be laid off between y: and yz. Applica- 
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tion of this concept in design is simple. The performance of the small-scale tower 
is calculated in terms of the height of a transfer unit. The full-scale tower is then 
made as high as is necessary to give the number of transfer units found, from the 
conditions of the puoblem, to be necessary. However, unless very careful attention 
is given to vapor and liquid distribution, the full-scale column will often be found to 
be disappointing, und a factor of safety may be used, of perhaps 1.25 to 2.0. 


Calculation of the Average Driving Force. [For the case of a straight equilibrium line, the log 
mean value of Ay, (average driving force) may be substituted m equation (10), Flowever, im most, 
cases the equilibrium lines are curved, and two methods have been proposed to evaluate the integral 
S dyl yy"). 

The first method was proposed by Colburn (6), who derived an equation for the number of trans- 
fer units in à given system by considering the equilibrium curve to be a straight line in the diluted 
region and parabolic in the region of higher concentrations. THis equation is: 


2.8 log |(1 — PAM ~ P| 
Nig τρ σσ (11) 


where P = Το] (12) 


M = Ye — Mar EE /yi) (13) 


(n, — slope of equilibrium eurve atx = r). This equation has been found to hold accurately for 
cases where Jf is greater than 20. This corresponds to approximately 9567 recovery of solute by the 
solvent; for solute recoveries appreciably less than this, there is some uncertainty in the application 
of the equation. Il has also been found that the equation is not dependable if the value of P is greater 
than 0.75. It is apparent that, if P is greater than unity, the number of transfer units caleulated 
from the equation is negative. These limitations in the equation are the results of certain simplifying 
assumptions in the derivation, The equation hokls very well over the range of conditions usually 
encountered in commercial design, However, cases in which the equation docs not hold are some- 
times encountered in practice and, much more frequently, in pilot-plant or experimental work. The 
final design is based on the data obtained from these unils; itis, therefore, of equal importance that 
the fundamental data be properly analyzed. 

Accordingly, a second method has been developed by Scheibel and Othmer (10) that has general 
application. The curvature of the equilibrium curve in absorption is usually due to a temperature 
change in the column. A heat balance around the various sections of the column indicates that the 
temperature of the solvent increases as it passes down (he tower because of the heat liberated by 
absorption of the solute from the gascous to the liquid phase, This heat of absorption is so large 
that sensible heat changes of the gas stream nre practieally negligihle. An equation was derived for 
the equilibrium curve by assuming that the temperature increase in the liquid was proportional to 
the amount of solute absorbed. Based on this equilibrium curve, the mean driving force across the 
column could be calculated by the following equation: 











8 
we 2.3 log uts 09 
u — 8 
where u = (j — ma) + (y2 — mir) (15) 
s = V [Gn — msc) — Qe — murs) l* or 40m. — ma) Gu — zw) (16) 
My = οἴω = slope of equilibrium curve at origin if a = 0 (17) 
m = yifii (48) 


In tlie application of equation (14), it has been found that s is very nearly equal to win many cases 
in which the recovery of solute is high; while the equation is sufficiently exact mathematically to 
justify caleulatiug values of u and s to the necessary number of significant figures to give an answer of 
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the desired aceurney, bhis is not always convenient. Chus, a different form bas been derived, appli- 
eable to slide-rule ealeulation, lor enses in which s ie very neurly equal to w 





Ag, mm on um 
2,3 log due 
Ha comaXs στου 
ns στ nis) nip ner) ^ 
where Dom ~ Tie mnn) " 
Qn 7 msn) — (Cs tyre) 


The equations above apply fo the usual ease of an equilibrium eurve thad is eonegve upwnrd dae 
. toa temperature inercase as the liquid flows down Lhe column, However, at bigh concentrations the 
isothermal equilibrium curve is generally conewve downward; thus, if the concentration effect; is 
greater than the temperature effect, Cie resulting equilibrium curve will also be eoneave downward. 
Ti should be noted thal the Colburn equation cannot be used in these partiadlar eases because P will 
he very nowrly equal to or greater than unity. Since the derivation of the above equation is nitülie- 
matically rigorous, it applies to this ease also if the equilibrium curve is assumed to have the basie 
ptrabolie shape. Tt wis found that for sueli cases the value ander the radieal sign 6 the ealeulation 
ol s was negative, and integration of Lhe basie equation would yield tho lollewing expression: 


^ " 21) 
Yin Dx 2. 
Im tan`! (s/u) f 


where som Vs? (23) 


Tt ean also he shown that, where sis snl wilh respeet toi, lint is, less (han 0.8 a, Che value of 
Ai, ean be very aceurately given hy the expression: 


Aym = u/2 (23) 


Nomographs have also been developed from whieh it is possible do determine Aym directly for 
the different cases (20). 


Interpretation of Absorption Data 


Hitherto we have supposed that not only the nature of the packing but also the 
liquid and gas flows per unit cross section have been kept cansiank. 1 is important 
to be able to lake into account ehanges in the Hquid- and gas-flow rates, and this 
requires a more detailed examination of the theory of diffusion processes, 


THEORY Ol DIFFUSION. PROCHESSUR 


T 


he fundamental equation of diffusion (q.9.) is Wiek’s law: 


init = : Dade (t) , en 


experiment is one sof the evidences for the trut h of the kinetie theory. "n sti m iat 
dn, the quantity of material diffusing in a cortain direetion, z, through an aren, a, 
at right angles to this direetion, is proportional to the time inter val, di, the aren, 
and the concentration gradient in the direction of diffusion, de/de. Iu this formula, 
Dis the proportionality constant and is a reciprocal measure of the resistance to diffu- 
sion. The kinetic theory of gases indicates that this resistance is not a eonslaunt, 
but is proportional to the concentration of the inert material, ep, in tho (ln through 
which the nfaterial ust diffuse. Thus we may write: 
dn ka de 


font κα Se 25 
dt Cn dz ( ) 
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where D has been replaced by the more fundamental value of k/e,. In the case of 
steady-state diffusion of one component through a film of thickness dz, the value of 
Cp at any point in the film is equal to the total concentration minus the value of c. 
By integrating this formula across a definite film of thickness, z, with a concentration 
of e on ono side and cs on the other, it ean be shown that: 


- = Na = =o (C1 — s (26) 


where eg is the log mean concentration of the inert material in the film, and Na is 
the amount of material transferred per unit time. 

Since most problems in absorption involve fairly dilute mixtures and solutions, 
the value of cmr is substantially constant, Furthermore, for à given. nbsorption 
system we can assume (hat the film thickness is a constant. Thus, we have the 
simple formulas: 


I 


Na kalta — Ca) (27) 
and N, = kya ~ ps (28) 


Equation (27) expresses the rate of transfer through the liquid film and equation 
(28), the rate through the gas film. The amounts transferred across the two 
films are equal—otherwise there would be an accumulation of material at the film. 
The units of the constants 4, and ke must be consistent in order to make the equa- 
tions dimensionally correct. 

Tu equations (27) and (28), the values of the “eonstants” kr and ke will be con- 
stanl, in reality, only if the film thiekness and the mean concentration of the inert 
material in the films are constant. But if the film thickuess varies, as it probably 
does, the matter can still be taken care of very simply by defining an effective film of 
such thiekness that it would offer the same resistance throughout the tower as the 
average resistance in the actual tower. — "his effective film thiekuess might then ho 
considered as an average distance through which the solute molecules must diffuse. 

The term @ in equations (27) and (28) is intended to represent the interfacial 
aren—that ig, the actual area of contact between gas and liquid—per unit volume of 
the bower packing. This area has been found to bear no relation to the surface area 
of the dry packing. In practice, therefore, the expression Aga is treated as one 
constant, which varies with different packing materials. It is usually expressed as 
pound-molos transferred per hour per cubic foot of packing per atmosphere difference 
in partial pressure. 

The relation between the transfer unit and the mass-transfer coeffieients may 
be seen by « eonsideration of equation (28). In this formula Vy may be taken as 
the quautity of material absorbed per unit time per unit volume of tower packing; 
Kga is taken as one constant. If P is the total pressure, pi = Py and pi = Pys 
and from equation (28): 


Na = KeaP (yi — ys) (29) 
However, over the entire column a mean driving force is taken such that: 


Na = Kea P Aym (30) 


Honce Koa = Na/PAYm (31) 
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Let G = pounds of inert gas per hour per square foot of eross section, Ms - molec- 
ular weight. of the inert gas, | = the height of the packing in fect, and P = total 
pressure of the system in atmospheres, then: 


(0n — vy» ons 
MI οτ 32 
^ Ml G2 
, G f” . dy "m 
a= — LIS 2 38 
and Kga M, Pl Ja yy (33) 


If the methods previously deseribed for evaluating the integral are used, Aya can be 
ealeulated from the observed performance ol a tower, or, if a value of Kea is taken 
from an experimental tower, the height? 
of the tower ean be caleulated for any 





desired performance. 
= . - 
= a τος TWO- MITT? 
MAIN BODY = = MAIN BODY T'WO-FILM THEORY 
OF GAS 8 OF LIQUID . ouid diffusi — 
2 8 8 In any gas-liquid diffusion process, 
- 






the material must diffuse across two 
films, the gas film and the liquid film 
(see Film theory). In order to follow 
the effect of various changing factors, 
the resistances of the gas film and the 
liquid film must be considered separately. 
According to the two-film theory, which 
| was proposed by Whitman in 1923 (25), 
Fig.6. Diffusion across gas and liquid films, tho total resistance to diffusion is made 

up by the gas film and the liquid film m 
series. At the interface it is supposed that the two films are in equilibrium. | Equa- 
tions (27) and (28) can be written: | 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 





Na = hya(C;, — Cr) = kealpg — p) (34) 


where the subscripts, 7, £, and G apply to the concentrations and partal pressures 

at the interface, main body of the liquid, and main body of the gas, respectively. 

In Figure 6, the representation is spatial, but the bent horizontal line gives the 

concentrations as if plotted on graph paper. At the interface, p; and C, are in 

equilibrium, and the rate of transfer of material is the same for each film. | 
If Henry’s law holds, then C = Hp, and equation (34) becomes: 


Na = Hly(pi-- pr) = ket(pe — p) (35) 

If Kea is taken as an overall coefficient such that: 
Na = Kea(pe — pz) (36) 
then Kot 1 (37) 


αλα) 4- (1/H za) 


and similarly if A, is defined such that: 


Na 5 Kya(Cs — C,) (38) 
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then Ka = + - (39) 


(1/kza) + (H/kga) 


The unknown concentration at the interface has now been eliminated, and overall 
constants have been defined to be used with either the gas concentrations or the 
liquid concentrations. In each case the resistance to diffusion is expressed as the 
sum of the components contributed by the liquid film and the gas film respectively. 
(It must be remembered that the k terms represent “conductances,” and their 
reciprocals are therefore “resistances.”’) The gas-film resistance should vary with 
the gus rate only, the liquid-film resistance with the liquid rate only. It is thus 
possible to make an analytical study of the effects of these variables. 

Ju the case of a very soluble gas, where E is very large, it will be seen from 
equation (87) that the resistance of the liquid film, 1/ Hk,a, is small, and the overall 
transfer coefficient, Aga, is almost equal ta the gas-film couductivity, tea. Iu such a 
ease the gas-film resistance is the controlling’ 
resistance. It would be useless to expect to 





obtain much improvement in the absorption co- °° 

efficient by inereasing the liquid rate. © 
Tor a very slightly soluble gas, the liquid o 

film is controlling. "The value of. A is small, and. S 





contributed by the liquid film; but the value of 
H may vary eonsiderably over a column owing 
to temperature changes during absorption. This 








equation (37) shows that the major resistance is 02 | 


0 
0 0.005 0.01 0.015 0.02 


. 1/698 
effect may be so large that the effect of the other |. A . . 

. 2. . n Fig. 7. Determination of film resist- 
variables, such as flow rates, will be completely ance (15) 


masked. Therefore, unless this temperature 

rariation is compensated, the data may correlate very poorly if expressed as Kea. 
This temperature adjustment is the result of the final correlation and is never 
known beforehand. However, the value of Aya can be calculated, and from equa- 
tion (89) it can be seen that the variable value of H occurs only in the resistance 
of the gas film, whieh is a small percentage of the total. With the temperature 
effect. thus minimized, the calculated K,a values should correlate readily and be 
easier to interpret. 

Determination of Individual Film Resistances. In many studies on heat. 
transfer it has been shown that the film thickness of any fluid is approximately in-. 
versely proportional to the 0.8 power of the rate of flow. Thus, at constant liquid 
rate, 2 plot of the reciprocal of the overall gas-transfer coefficient against the recip- 
rocal of the 0.8 power of the gas velocity should give a straight line with an intercept 
equal to 1/ IZkza, or the resistance of the liquid film based on gas concentrations, 
Figure 7 shows the application of this method to data on the absorption of acetone 
by water in a 10-in. diameter column packed with l-in. Raschig rings (15). The 
slope of the line gives the constant in the equation: 


kea = γα . (40) 


where y is the constant of proportionality. From this relationship it is possible to 
subtract the gas-film resistance from all the observed overall resistances at different 
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liquid rates. These can then be correlated to the following equation by plotting 
ka against, L on logarithimmie graph paper: 


hut = BLS (41) 


where f is the constant of proportionality. | Obviously, if the gas fihn 15 controlling, 
the line in the original plot will pass very close to the origin; however, it will usually 
be found that a nieusurable liquid-film resistance will result at very low liquid rates, 
and, in correlating the fiquid-film coefficients, these values will have the most 
significance. 

It is also possible to correlate the overall transfer coefficients by first considering 
the data ab constant gas velocity and plotting the reciprocal of overall liquid- 
translľer coefficient against the reciprocal of the 0.8 power of the liquid rate. The 
intercept in this ease is the gas-film resistanee based on liquid concentrations, that is, 
H/kea. The slope of the line gives the constant, 6, in equation (41) above. Since 
there is slill some uncertainty regarding the exact functional relationship between 
kya md L, the second method is not very widely used. 

The quantities of G and L iu the above equations may be expressed in either 
pounds per hour per square foot or pound-moles per hour per square foot, and the 
only effeet will be on the value of the constant. In correlating and presenting data 
on absorption, it is customary to use the first basis for expression. 

Such methods of analyzing data allow great flexibility in design, for with their 
mid it is no longer necessary to have the small-scale tower and the full-scale tower 
similar in all respects, such as gas velocity and liquid rate. 

Effect of Change of Absorbate. The previous discussion was based on the 
absorption of a particular compound in a given column at different gas and liquid 
velocities. It is frequently desirable to predict the performance of the packing for 
absorbing other eompounds when data on them are not available, According to 
the two-film theory the rate of absorption through ench film will be proportional to 
(he rate of diffusion of the absorbate through the partienlar fluid. Thus, when the 
individual film resistanees have been determined for any absorbato, it is possible to 
predict the resistances of the films to any other absorbate by the relative diffusion 
coefficients of the two absorbates. 

The diffusion coefficient is a measure of the rate of diffusion of à compound 
through a stagnant fluid and can be determined by other physicochemical means. 
Some values are given in Table I. The extensive data obtained on this property of 
compounds are available in the International Critical Tables and other liandhooks. 


TABLE IL. Values of Diffusion Coefficients for Dilute Solutions of Gases in Water at 20°C. 


Solute gas Diffusion coeflicient,* sq-ft./hour >¢ 1075 
Carbon dioxide. ........ Senne neta tere ee terres neues 6.9 
Chlorine... 0.66... cece eee cert hr 6.2 
Hydrogen...... lesse nnn 20.2 
Hydrogen sulfide... 0... 0c ccc cn ence ne naee 6.3 
NIGrOgen. . 0... cece eects νη 7.4 
Ámmoni&......eeeeeeeeeesese ehh e e reas 7.1 
Nitrous ΟΙάθρν ων ωρω ον νεο κε ρε κνε εγω aras 6.8 
ο μμ ΡΕ” enhn mnn ehh aam 8.1 


? Average of values given in L.C.T., corrected from the various temperatures given as suggested 
by Arnold (1), 
Source: reference (17). 
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The diffusion coefficient of a gas has been correlated to the Maxwell equation by 
Gilliland (10), who introduced an empirical constant to obtain better agreement 
between the observed and ealeulated values. The diffusion coefficient of a liquid 
can be predicted from the Stokes-Hinstein equation, which applies to large mole- 
aules diffusing through a solvent of small molecules, or from the correlation of Arnold 
(1), which is based on empirical solute and solvent factors, although in this method 
there is some uncertainty abont the empirical constants when they are estimated for 
an unknown system. The liquid diffusivity varies with temperature, but the effect 
ol temperature on gas diffusivity is not large. 

A general equation for the overall mass-transfer coefficients for absorption on 
3/3-m. Raschbig ring packing (21) is: 





l - 
ky = SS 429, 
ut (3.26 Π/ῶς psy + (0.001355 /D,1"*) ( ) 
o Kon m (43b) 


— (8.26/D,G"5) + (0.001355/ H DLL*) 


where Dg = diffusivity of solute in the gas phase in square feet per hour, G = gas 
rate in pounds per hour per square foot of cross section, D, = diffusivity of solute in 
liquid phase in square feet per hour, and L = liquid rate in pounds per hour per 
square foot of cross section. For l-in. Raschig rings the equations are: 





1 
Rut —ceEHLDIG 4. (020184/ D, L^ 43a 
ue (7.5 H/DeG"*) + (0.00134/ D, L^") ( ) 
Kou = ; - (43b) 


(7.8/D4G5) + (0.00134/ H DL) 


These equations were developed by correlating data obtained from a variety of sys- 
tems, differing considerably in properties. They may therefore be used to estimate, 
in advance, the absorption coefficient to be expected in any given application for 
these two common packing materials. However, for the design of equipment on 
any considerable scale, they should be used with eaution. 

Rasehig rings are the most widely used paeking, but data on several other 
absorption systems are available. Some of these, given in Table II, were correlated 
on the basis of a very soluble gas, und no effort was made to evaluate the liquid- 
film resistance. Thus, the data cannot be used reliably to preciet the coefficients 
of less soluble gases by the methods previously deseribed. If these less-used types 
of packing are considered for a particular absorption job, it will generally be neces- 
sary, before designing the full-scale unit, to determine the required cocfficicnts on 
laboratory-scale equipment. 

Effect of Change of Absorbent Liquid. Water is generally used in absorption 
because it is the most available and the cheapest solvent; but when, us in some cases, 
the gas to be absorbed is almost completely insoluble in water, other solvents must 
of course he used: for example, in the absorption of hydrocarbon vapor, a high- 
boiling hydrocarbon mixture is used, 

Very few data are available on liquids other than water, and no attempt has 
heen made to correlate them; however, certain qualitative statements may be made 
in this respeet. For water it has been found that the absorption coefficient is greater 
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TABLE I. Comparison of Packings for Absorption of Soluble Gases. 


(Carrier Gas: Air at Room Temperature) 


























slis Ko! 
mate . 
eiim NEM LTD Io | "ον 
Web | ea. (40) 
0.35- to 0.63-in. coke Ammonia Water — 323 0.08; 
0.25-in. erushied stone Ammonia Water 123 500 0.116 
0. 50-in. erushed stone Ammonia Water 79 500 0.105 
0. 75-in. crushed stone Ammonia Water 58 500 0.071 
0.50-in. balls Ammonit Water 94 500 0. L03 
0. 75-in. balls Ammonia Water 54 500 0.058 
1.0-in. halls + Ammonia Water 55 500 0.057 
11/,- to 13/,-in. hroken quartz Ammonia Water 30 500 0.147 
3-in, spiral tile Ammonia Water 30 500 0.122 
4-in, partition ring Ammonia Water 22 500 0.135 
Wood grid, 3 X !/; in. spaced Ammonin Water 32 500 0.122 
Vo in. apart . . 
0.25- x 0.4-in. glass rings Benzene Wash oil -— 163—408 0.040 
0, 5- to 0, 75-in. coke Benzene Wash oil --- 500 0.057 
0. 73-in. glass halls Benzene Wash oil — 75-573 0.034 
0. 78-in. glass balls Ethylene Wash oil — 3120-4700 0.071 
. dichloride 
3-in. coke Water Water — 650-1780 0.28 





Souree; reference (17). 


for 1-in. Raschig rings than for either !/; 4n. rings or 2-in. rings (23). The decrease for 
the larger size rings is doubtless due to the decrease in the dry packing surface. 
The decrease at '/.-in. rings is probably the result of the liquid’s filling the inter- 
stices of the small packing and producing dead pockets and also neutralizing the 
surface. It has been found that a viscous solveut cannot be used satisfactorily on a 
small packing, and in such cases a packing size greater than 1 in. would be preferable. 
However, with solvents of very low viscosity and low surface tension the smaller 
packing sizes can be used satisfactorily. 


Pressure Drop in Absorption Towers 


The pressure drop in plate towers has been studied in connection with distilla- 
tion, The total pressure drop is made up of the pressure crop of the gas through 
the bubble caps and the hydrostatié head of the liquid above the slots. This liquid 
head may not be a direct function of the liquid density since the liquid on the tray 
contains dispersed gas bubbles. The proper density of the liquid to be used iu eal- 
culating this pressure drop would be some fraction of the pure liquid density. Tor 
further details, see Distillation. 

The pressure drop in packed towers is of even more importance industrially be- 
cause it is usually necessary to compress the gas to the pressure required for operation 
of the column. This pressure drop has been found to vary as the 1.85-power gas 
rate and has also been found to increase with large liquid rates. Various observers 
have reported different powers of the gas rate from 1.80 to 1.88. A general equation 
for correlating the pressure drop in packed columns was proposed by Mauch (12): 


AP z yl 4- eD)G 9 (44) 


where AP = pressure drop in feet of the fluid, L - liquid rate in pounds per 
hour per square foot, G = gas rate in pounds per hour per square foot, and y and e = 
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constants that are functions of gas density and packing size. Tt has been found 
that at extremely low gas rates the pressure drop varies with the first power of the 
flow rate and, just as with flow in smooth pipes, that this is associated with stream- 
line or viscous flow; at the greater flow rates there is a break in the eurve and transi- 
tion to turbulent flow. 

Chilton and Colburn (4) have presented a general eovrelation of the pressure 
drop in packing similar to that for smooth pipes. If is based on a modified friction 
factor and a modified Reynolds number and agrees very well with observed data on 
different types of packing. 

In addition to the first break in the pressure-drop curve, two other breaks have 
been observed. As the gas rate is increased, a point is finally reached at which the 
pressure drop increases at a power greater than 2. This is due to the inereased hold- 
up in the packing, which materially decreases the area for gas flow thus inereasing 
the pressure drop by a funetion greater thin the square of the flow rate. This 
occurs over a relatively short range of gas rates since another point is reached at 
which the pressure drop inereases even more rapidly to approach the hydrostatic 
head of liquid in the column. The last break is usually associated with complete 
flooding of the packing and liquid carry-over in the gas stream; this is defined as the 
flooding velocity. Several attempts Lo correlate flooding velocities have been made 
hut most of them have been found to apply only to particular systems. One of the 
first general correlations was that of Sherwood, Shipley, and Holloway (24); more 
recently Bain and Hougen (3) have presented a gencral correlation. However, there 
seems to be a slight difference between a flooding velocity defined by a break point 
on & pressure-drop curve and one defined by visual observation of liquid carry-over, 
a diserepaney which has led to some confusion in general correlations of Aooding 
velocities. But this slight discrepancy is of little importance in design work bo- 
eause the flooding conditions represent a maximum flow rate that must not be 
approached too closely, since it is not considered good. practice to design a column to 
operate at a higher rate than 75% of the flooding velocily of a packed column. 
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15. G. ScuxrBEL 


ACACIA. See Diureties; Hinollienis; Gums. 

ACAROID. § Sce “Accroides” under Resins, nalural. 

ACCELERATORS, RUBBER VULCANIZATION. See Rubber vulcanization 
accelerators. 

ACCROIDES. See Resins, natural. 

ACCUMULATORS. See Batteries, clectric. 

ACENAPHTHENE, Cyl. See Hydrocarbons. 

ACETAL, CH;CH(OC:H5)x. — See Acetaldehyde; Acetals. 


ACETALDEHYDE 


Acetaldehyde (ethanal (1.U.C.), acetic aldehyde, aldehyde, ethyl aldehyde), 
CH3CHO (abbreviated to AcH and MeCHO), formula weight 44.052, is a colorless 
mobile liquid, boiling near room temperature. It has a pungent suffocating odor 
that is somewhat fruity and pleasant in dilute concentrations. Mixtures of the 
vapor with air are highly flammable and explosive. Acetaldehyde is used as an 
intermediate in the production of acetic acid, acetic anhydride, ethyl acetate, butyl 
alcohol, butadiene, acetal resins, and other derivatives. 


Acetaldehyde in crude form was prepared by Sehecle, as early as 1774, by the dehydrogenation 
of olhyl alcohol. Tt was recognized as a new compound in 1800 by Foureroy and Vangquelin. 15 
constitution was established in 1885 by Liebig, who named it “aldehyde” from the Latin words 
translated as ad(cohol) deyd(ragenaed) (27), The formation of acetaldehyde by the addition of 
water to acetylene was observed by Kutscherow in 1881, Acetaldehyde was first used extensively 
during World War I as an intermediate for making acetone from acctic acid. In North America, 
production on an industrial seale began in 1916, at Shawinigan Falls, Quebee. 


Physical and Chemical Properties 


Constants. M.p., —123.5°C.; f.p. of aqueous solutions: 


Acotnldehydo, per cent by weight Freezing point, °C. 
4.8νονννννννννννννννν νεος ρέων ν —2.5 
LBB ce ten ep eens nett abies —7.8 
0 ren ων —23.0 


bro, 20.8°C.; vapor pressure, see Tables I and II; dj", 0.7883; nj}, 1.8316; vapor 


TABLE I. Vapor Pressure of Acetaldehyde, 
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Temperature, Y apor pressure, f “Temper: «ture, Y 2por pressure, 
°C, mm. Hg | C. . atm. . ος 
-97 3 i 20.8 l 
—48 83 | 44.5 2 
-23 103 | 58.3 ; 
0 337 68.0 1 
10 503.4 | 75.7 5 
27.55 1000 | 





TABLE IL. Vapor Pressure of Aqueous Solutions of Acetaldehyde. 





Mole 








“Tem perature, 
°C. per cent 
10 4.9 
10 10.5 


10 46. 


density (air = 
50.0?C. (13): 


Temperature, ?C. 


50.0......... 


abs. viscosity of acetaldehyde at 15°C., 0.02456 e. 


1), 1.52; 





Partis al pressure, | Tempe rature, “Mole Partial pressure, 
mum. He | °C. per ceut mm. He 

Po Lo —— -- - 
74.5 | 20 5.4 125,2 
139.8 | 20 12.0 205,2 
334 , 90 21.8 432.6 


density and surface tension of the liquid between 0.1? und 


ας Surface tension, dyne/er. 
Dee eren O.80U0. 0. eee cree ee 38.0 
MNA πλ cece eee DED 
seemed 0.7409... eee eee Y. 


g.s. units; density and viseosity of 


mixtures with water at 0?C.: 


Water, mole per cent 





di Visensity, c.g.5. uuits 
rara etes O, 8074. 0.202. νο ενω ων ων ορ ω εν Ὁ, 02 {ὰ 
eh hn 0.9051. 0.0.0.0... 000.220.2220. 02878 
wee eee ee O.967L. eee ee ee O.OOTAB 
rn LOWS. eee μυ 
rn LOO. eee eee LOL041688 


Acetaldeliyde is miscible in all proportions with acctic acid, acetone, benzene, 
+ a 
ethyl aleohal, ethyl ether, gasoline, paraldehyde, solvent naphtha, toluene, turpen- 


tine, water, and xylenes. 


TABLE IIT. Solubility of Gases in Liquid Acetaldehyde at 760 mm. Pressure. 


Temperature, °C. 


Volume "P gas (at n.t.p.) dissoly ed in 1 volume aceta idehyde 











Acetylene Carbon | dioxide Nitrogen 
—16 54 — — 
—6 27 1i — 
0 17 6.0 - 
12 7.3 2.45 0.15 
16 5 1.5 — 
20 8 --- — 
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Specific heat: at OPC., 0.522 £ 0.004; of the vapor at 25°C., C, = about 15.8 
gram-cal./yvam-mole. y = C/C, = 1.145 at 30°C. and 760 mm. pressure; 
latent heat of fusion, 17.6 gram-eal./gram; latent heat of vaporization, 6.01 kg.-cal./ 
gram-mole; heat of soln. in water, 4.48 kg.-cal./gram-mole evolved; crit. temp., 
181.5°C.; crib. pressure, 63.2 atm.; heat of combustion of the liquid at constant pres- 
sure, 279.2 kg.-cal./gram-mole. Free energy of formation (AF°) at 25°C.: of 
the liquid, —31,880 gram-cal./gram-mole; of the gas, -—32,000 grüm-eal./gram- 
mole, Flash point, —50°C., —35°C. (open cup); ignition temperature in air, 
165°C. (earlier values in the Hterature are 185, 205, and 275°); explosive limits of 
mixtures with air, 4-57% acetaldehyde by volume; for effect of pressure sec ref- 
erence (15). | 

Dipole moment (u), 9.72 X 1075. Aectaldehyde has weakly acid properties; 
the dissociation constant, K, at 0°C. = 0.7 x 10°". | 

Reactions. Acctaldehyde is a highly reactive compound, showing the general 

suctions of aldeliycles (g.v.); under suitable conditions the oxygen or any hydrogen 
may be replaced, while numerous addition and condensation reactions are of im- 
portance. For the more important industrial reactions, see “Uses,” page 39. 

J. Decomposition (Pyrolysis and Photolysts), The main prodnuets of both 
thermal and photochemical decomposition are methane and earbon monoxide (2): 
CH.CHO ——> CH, -+ CO. 

2. The Hydrate and the Enol Form. In water, acetaldehyde forms a hydrate, 
CH3CH(OH)s, to the extent of about 25%. It is also enolized to vinyl alcohol, 
CHe:CHOT (see Vinyl compounds), to a slight extent (about 1 molecule in 30,000); 
this enol form, which is increased by traces of alkali or acid, is believed to be the 
reactive form for some acetaldehyde reactions, while the hydrate has been shown to 
react in others (23,29). The hydrate and the enol form cannot be isolated from the 
equilibrium mixtures. 

8. Oxidation and Reduction. Acetaldchyde is intermediate in the series: ethyl 
rlcohol _°_, acetaldehyde __° _, acetic acid. 

Catalytic hydrogenation of acetaldehyde with nickel at 100-150° C. yields 
ethyl aleohol. Freshly distilled acetaldehyde readily adds oxygen from the air; 
peroxy compounds are formed first, as is also true in cold-flame oxidation, The 
limits and products of the various combustion zones have been described (16). 
Acetaldehyde burns in air with a bright smoky fame. When acetaldehyde is oxi- 
dized by means of selenium dioxide (Se05), glyoxal (CHO.CHO) is obtained in good 
yield. 

Disproportionation, or simultaneous oxidation and reduction (the Cannizzaro 
reaction) does uot occur to an appreciable extent; in a modification, the Tishehenko 
reaction, ethyl acetate is formed directly with aluminum othylate or butylate as 
catalyst: 2 CH;CHO ——-> CH,COOCH,CH;. 

4. Polymerization; Reactions in the Presence of Acids or Alkalies. When a 
drop or two of sulfuric acid is added, acetaldehyde polyinerizes violently to the 
trimer, paraldehyde (see page 42). In the presence of a large excess of acid, tarry 
condensation products are formed. At lower temperatures with dry hydrogen 
chloride or n trace of sulfurie acid, the tetramer, metaldehyde (page 42), crystallizes 
out. A compound, apparently a dimer, boiling at 73—75?C., has been obtained by 


adding a drop of an alcoholic solution of sulfuric acid to pure acetaldehyde cooled to 
80°C. (25). 
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In dilute alkali, aeetaldehyde forms the dimer aldol (page 41); this reaction is 
the original aldol condensation (see Aldehydes). With higher concentrations of 
alkali, repeated aldol condensations take place; the mixture may be neutralized at a 
point at which oils suitable as frothing agents are the main product. With concen- 
trated alkali, a brown resin known as ‘aldehyde resin,” insoluble in water but soluble 
in ether, results. 

Pure acetaldehyde freed of air by distilling in vacuo into a bulb cooled with 
liquid air polymerizes to a viscous or gelatinous macrorolloid (25). 

δ, Reactions with Ammonia and Amines, Acetaldelyde readily adds ammonia 
in the vapor phase or in solution to form aldehyde-ammonia (page 40), the first 
addition produet probably being CH;CH(OH)NH». A 50% yield of diethylamine, 
(CH) NH, may be obtained when acetaldehyde is added to a saturated solution of 
ammonia in water or ethyl alcohol and the inixture is heated in an autoclave to 50- 
76°C, for about two hours with a nickel eatalyst and hydrogen under 12 atni 
pressure. 

Primary amines form Schiff bases, CHyCH:NR. Aniline and. acetaldehyde 
yield CH;CH:NCgHs, whieh may he polymerized to a product suitable as a rubber 
accelerator (trade namo, K-I), or under suitable conditions N-ethylaniline or quin- 
aldine may be the final produet (29). 

Hydroxylamine, NH.OH, reacts to form aldoxime, CH;CH: NOH, m.p. 47?C., 
b.p. 114-115°C. XIydrazine hydrate, NH;NH4OH, forms aeetaldazine, CH4CH :- 
NN:CHCH; b.p. 95-96?C. Phenylhydrazine, C4H;NHNHs, condenses to form 
acetaldehyde phenylhydrazone, CH;CH: NNHCsHa, m.p. 57° ancl 98-100°C. (two 
forms). Semiearbazide, NHNHCONIEHS,, similarly forms the semicarbazone, CH,- 
CH:NNHCONH?», m.p. 162?C.. The numerous substituted hydrazones and semi- 
sarbazones formed with aldehydes and ketones have definite melting points that are 
useful for identifying the carbonyl compounds. 

6. Reactions with Aldehydes and Ketones. Acctaldehyde with excess form- 
aldehyde in the presence of calcium hydroxide yields pentaerythritol (29). Crossed 
Tishehenko reaetious with other aldehydes, to give a mixture of esters, are possible. 
Aldol condensations with other aldehydes, or with other compounds containing the 
‘arbonyl group, C=O, or an active H atom, are useful in syntheses; for example, 
acetone may condense with acetaldehyde to give CH;CHOHCH.COCH;. Butyr- 
aldehyde and acetaldehyde ure condensed in dilute sodium hydroxide solution and 
hydrogenated to hexyl alcohols on an industrial scale. 

T. Reactions with Alcohals and Phenols, Aleohols are readily added in the 
presence of a trace of mineral acid to form acetals (page 40); for example, CH;CHO 
+ 2 CHOH — CHCH(OCH;) + H:0. Glycols and other dihydroxy com- 
pounds may form cyelie aectals. Mereaptans similarly are added to form mer- 
captals. Phenol (4 moles) condenses with acetaldehyde (1 mole) or paraldehyde, 
with sulfuric or hydrochloric acid as catalyst, to L,1'-bis(p-hydroxyphenyl)ethane, 
CH;CH(CGELOH)s; 3 moles or less phenol leads to resins (see “Uses,” page 39). 

8. Reactions with Halogens and Halogen Compounds. Halogeons replace the 
hydrogen atoms of the methyl group; for example, bromine with acetaldehyde or 
paraldehyde yields bromoaeetaldelryde, BrCH;CHO, and eventually bromal, 
CBr;CHO. Chloral (q.v), CCCHO, is formed with chlorine by analogous reac- 
tions. Phosphorus pentachloride replaces the O by Cl;, giving 1,1-dichloroethane, 
CH,CHCl. Hypochlorites with acetaldehyde yield chloroform, CHCl. 
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9. Miscellaneous Reactions. Sodium bisulfite, NaHS8O;, forms a white erys- 
talline “addition compound,” insoluble tu ethyl alcohol and ether, that is useful Cor 
isolating acetaldehyde from solutions and for purifying acetaldehyde; the aldehyde 
is regenerated with dilute acid. Hydrocyanie acid and acetaldehyde, or sodina 
eyanide and the bisulfite addition compound, yield the eyanohydrin, CAs;CHOHCN, 
which may be hydrolyzed with water and sulfuric acid to lactic acid; with an alcohol 
and sulfurie acid, a lactic ester is formed direelly. Similarly, an amimonimnn salt, 
and an alkali metal eyanice, such as N HGCI and IKCN, yield alanine, CHyCH (NH,)- 
COH. Grignard reagents add readily, the final products being wleohols; Tor ex- 
ample, methylhnagnesium iodide, CH3MeT, forms an intermediate product that 
hydrolyzes to isopropyl alcohol. Hyrlrogen sulfide yields thioacetaldchyde, CH)- 
CHS, which readily polymerizes to the trimer, Acetic anhydride adds to form 
ethylideue diacetate, CHyCH(QOCCHs)o, in the presence of dilute acid (see leetie 
anhydride). 

Occurrence 


Acetaldehyde is a normal intermediate produet in (he respiration of higher 
plants. [t oecurs in traces in ripe apples and in all other ripe fruits that have a tart 
taste before ripening; it also oceurs in the gases exhaled by ripe apples and pears, 
Acetakdehyde is an intermediate product of aleoholie fermentation (9); itis reduced 
to ethyl aleohol almost immediately, unless the reaction is arrested, as by the pres- 
ence of a bisulfite. Acetaldehyde may oecur in wine snd other alcoholie beverages 
after exposure to the air, imparting an unpleasant taste; ordinarily the aldehyde re- 
acts to form acetal and ethyl acetate, both of pleasant odor; the ethyl acetate is 
formed by way of acetic acid. Acetaldehyde is also an intermediate product in the 
decomposition of sugars in the body, and therefore occurs in traces in wormal blood. 


Manufacture 


Acetaldehyde is produced chiefly by the dehydrogenation or partial oxidation of 
ethyl alcohol (see Alcohol, industrial), and by the addition of water to acetylene 
(q.v). 

1. From Ethyl Aleohol.* Of the two processes for the production of acctalde- 
hyde from ethyl alcohol, the most used is the dehydrogenation of the aleohol, the 
direct oxidation being of secondary importance. 

The dehydrogenation process has been in commercial use since before 1930. 
The process is particularly attractive when it is combined with other operations 
requiring supplies of hydrogen becanse relatively pure hydrogen is formed as a by- 
produet of the dehydrogenation. In the dehydrogenation process ethyl aleohol of 
180 to 190 proof is vaporized and passed over a chromium-activated copper catalyst 
(83). Temperatures of 260° to 290°C. are satisfactory; the pressure is essentially 
atmospheric. The conversion of alcohol to acetaldehyde may be controlled by the 
rate of flow over the catalyst and by the temperature maintained in the catalyst tubes. 
In ordinary practico one-third to one-half of the alcohol is converted in a single pass. 
Small amounts of by-products such as acctie acid, ethyl acetate, and normal butyl 
alcohol are formed, but well over 90% of the alevhol used up is converted to acet- 
aldchyde. The products, except for the by-product gases, are condensed, and the 
gases are scrubbed to recover alechol and acetaldchyde. The mixture of water and 


* This section by J. L. Marsh. 
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organie materials is separated by distillation to produce highly pure acetaldehyde 
and to recover the unused aleohol, whieh is returned to the process, The by- 
product hydrogen contains very small quantities of methane and carbon oxides but is 
ordinarily satisfactorily pure for use in other processes. The catalyst requires 
periodic reactivation, but has a normal life of several years. 

The ethyl alcohol oxidation process is usually carried out by passing the aleohol 
vapor with air or oxygen over a catalyst, usually metallic copper or silver or com- 
pounds containing them, at 300° to 500°C. The water formed im the reaction may 
be eondeused separately (10). 

2. From Acetylene. The hydration of acetylene beeame a commercial process 
during World War I. The reaction is generally carried out at 70-80°C. in 18 to 25% 
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Fig. 1. Acetaldehyde from acetyleno. 


sulfuric acid solution, with mercurie sulfate as catalyst (17). Ferrie or other salts 
are sometimes added to prolong the life of the catalyst. The reaction mechanism 
and intermediate compounds have been studied (5). Acetylene in excess sweeps 
out the dissolved acetaldehyde, whieh is condensed and purified by distillation, 
while the excess acetylene is recyeled (see Fig. 1) (81). The sludge, consisting 
mainly of reduced catulyst with some tarry condensation products of acetaldehyde, 
is drained from the reaction kettle at intervals and resulfated. Crotonaldchyde is 
the chief by-product in the distillation of the acetaldehyde. 

The vapor-phase reaction between acetylene and steam in the presence of 
various catalysts may eventually eompete with, or be coupled with, the reaction in 
acid solution, particularly for gaseous mixtures with low concentrations of acetylene, 
such as those obtained by the deconiposition of hydrocarbons (17), 

The addition of methanol to acetylene at about 15 atin. pressure, with potas- 
sium hydroxide as catalyst, forms methyl vinyl ether, CH;OCH:CHa, which may be 
hydrolyzed with dilute sulfurie acid to give acotaldehyde of high purity; the meth- 
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anol formed in the hydrolysis is separated by distillation and returned to the system. 
This process, developed by Reppe and co-workers before World War I, was ready 
for plant-scale operation in Germany in 1946 (30). 

3. From Hydrocarbons. In 1945 the Celancse Corporation started operations 
in Texas manufacturing acetaldehyde froni natural gases as raw materials, Acet- 
aldehyde may be formed from hydrocarbons such as butane with oxygen iu the 
presence of 4 large excess of steam (35). l 

4. Other Methods. On a small seale, acetaldehyde may be prepared by the 
distillation of paraldelyde with a few drops of sullurie acid, ov aloug with acetie 
auhydride by heating ethylidene diacetate above 100?C. with a catalyst such as zine 
bromide, zinc chloride, or phosphoric acid, Laboratory preparations using cthyl 
aleohol (10,20), acetylene (18), and methyl vinyl ether (4) have been described. 


ANALYSIS 


Acetaldehyde and other aldehydes can be detected by tho formation of a mirror 
from an alkaline silver nitrate solution (Tollens’ reagent) (8); they also reduce 
Febling's solution. Acctaldchyde can be isolated and identified by the crystalline 
compounds of characteristic melting points that it forms with hydrazines and semi- 
earbazides (7). If ketones and other aldehydes are not present, acetaldehyde may 
be determined quantitatively by fuchsin-sulfite solution (Schiff’s reagent), or by 
combination with alkali bisulfite, the excess bisulfite being estimated iodometrically 
(Ripper’s method) (8). Tollens’ reaction can be used to determine acctaldchyde 
quantitatively in the presence of ketones, if other aldehycles arc absent (22). Polaro- 
graphie methods have also been studied (24). 

Acctaldehyde in larger quantities may be estimated by passing the vapor into 
ether, and saturating the ether with dry ammonia; the product, aldehyde-ammonia 
(page 40), is practically insoluble in ether, aud crystallizes out readily. 5,5-Di- 
methyl-1,3-cyelohexancdione (5,5-dimeth yldihydroresoreinol, dimedon) or sulfites 
have also been used to isolate acetaldehyde from solutions. 


SPECIFICATIONS, CONTAINERS, AND LABELS 


Grades; technical. 

Typical Specifications: acctaldehyde, 9995 minimum; color, water-white; 
acidity, 0.5% maximum (ns acetic); sp.gr., 0.770 to 0.790 at 20°C. 

Containers: steel drums and tank cars. 

Railroad Shipping Regulations: red label. 


HEALTH AND SAFETY FACTORS 


I. Physiological Effects. | Acetaldehyde causes irritation of the mucous meni- 
branes and accelerates the action of the heart. When breathed in high concentra- 
tions it has a temporary suffocating effect on the lungs. Continued exposure has 
been reported to have an adverse effect upon the blood, causing a decrease of both 
white and red cells, and also of hemoglobin (21); there is a sustained rise in blood 
‘pressure (19). In normal industrial operations there is no health hazard Involved in 
handling acetaldehyde. 
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2. Industrial Hazards. Mixtures of the vapor with air are flammable, and in 
confined spaces, with above 9% oxygen and 4% acetaldehyde, explosive. 





Economic Aspects and Future Prospects 


Since 1917 the production of acetaldehyde has been linked with the demand for 
cellulose acetate, and since 1928 also with vinyl resins, which have been growing in 
importance. A number of facts point to a moderate expansion of acetaldehyde 
production in the future; these include: the importance of acetic esters and butyl 
alcohol as solvents; the growing market for erotonie acid aud other derivatives; new 
research on resins with phenols and urca; the continued demand for polyvinyl 
acetate and polyvinyl acetal, and new applications of modifications and copolymers 
of these. 

'The amiual produetion in the United States was 201,484,831 Ib. iu. 1040 and 
224,445,142 Ib. in 1942. The price in 1944 was 10 cents per Ib. in drums. 


Uses and Applications 


Aeetaldehyde is important chiefly as an intermediate in the manufacture of 
other organic chemicals, Only small quantities are sold as acetaldehyde, the greater 
part being converted to acetic acid and other compounds at the same chemical plant. 
Acetic acid (q.e.) aud acetic anhydride (q.v.) are both produced commercially by the 
oxidation of acetaldehyde in the presence of a catalyst. With manganese acetate as 
a catalyst, acetic acid is formed; with cobalt acetate, a mixture of acetic anhydride 
and acetic acid. Oxidation in the presence of a diluent increases the proportion of 
anhydride. 

Ethyl acetate, which in the United States is made exclusively by esterification 
(q.9.), is manufactured in Canada from acetaldehyde by the Tishchenko reaction 
(see “Oxidation and reduction,” page 34). 

Equimolar quantities of acetaldehyde and ethyl alcohol have been used mstead 
of pure ethyl aleohol, during periods when this was searec, for the eatalytie produc- 
tion of butadiene (q.v.) (6). 

Polyvinyl! alcohol adds acetaldehyde (usually from paraldehyde), forming poly- 
vinyl acetal, a resin used in laequers and in press- or injection-molding compositions 
(sce Vinyl compounds), Resins with special properties may be obtained when 
various substances are added to phenol-acetaldeliyde resins (sec Phenolic resins and 
plasiies). Urea and acetaldehyde, or urea- and formaldehyde-acctaldehyde mix- 
tures, may form resins suitable for lacquers (see Amino resins and plasties). How- 
ever, the resius formed from phenol or urea and acetaldehyde have uever attained 
the importance of the corresponding resins with formaldehyde. 

Chloral (q.0.) altained a new industrial importance during World War IT as a 
raw material for the insecticide DDT; the process for manufacturing chloral with 
acetaldehyde as a slarting material was developed during the same period. 

Acetaldehyde reduces ammoniical silver nitrate to metallic silver; this reaction 
has been applied in the silveriug of mirrors, Acctaldehyde may be user as a de- 
naturant for ethyl alcohol (1 gal. acetaldehyde to 100 gal. of the alcohol). Acet- 
aldehyde has also found limited use as a preservative for fruit and fish, m motor-fuel 
compositions, for hardening gelatin, glue, and cascin products, aud for the preven- 
tion of mold growth on leather. 
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Derivatives 


1. Aeetals. In the presence of a trace of hydrogen chloride or with ealeium 
ehloride as à: eatalyst, aleohols add to acetaldehyde to form acetals, CH;CH(OR). 
(see Acetuls). 


Table IV. Properties of Acetals. 


Acctal ᾽ bin, °C. d n? 








20 30 
4 D 
Dimethyl 64 0.8501 1.3608 
Diethyl 103-104 0.8254 1.38103 
Dipropyl 147 0.8336 1.3971 
Dibutyl 188 0.8326 1.4071 


Acetal G,1-diethoxyethane (1.U.C.), acetaldehyde diethyl aeetal), CIT;CH- 
(OCe2H;)s, formula weight 118.172, is a colorless volatile liquid with an agreeable 
odor; no sharp m.p. (solidifies to a glass at low temp.); flash point, 20.5°C.; ignition 
temp. in air, 230°C. tis miscible with ethyl aleohol and ethyl ether, and about 5% 
soluble in water at 25°C. 


Constant-boiling mixtures bin, *C. Per cont acetal 
With ethyl aleohol...... leeren TR ce eee 34.5 
With Water, ν νο νο νεο νε ον εν ερ rh trs 82.60θ.ννννννννννννν έν νν 85.5 
With ethyl aleghol and waler... 0.0.0.2... eee TT Bcc eee ee 61.0 


Acctal is hydrolyzed to acetaldehyde and ethyl aleohol by heating with dilute 
acids. It is stable ¢owards alkalies. Acetal is found in the “first runnings” in the 
distillation of fermented liquids. It may be produced by the addition of ethyl 
alcohol to acetaldehyde with mineral acid or calcium chloride as catalyst, and by the 
partial oxidation of ethyl alcohol by manganese dioxide and sulfuric acid in which 
the acetaldehyde is formed first and condenses with the aleohol. For specifications, 
see (14). Railroad shipping regulations: red label. The vapors are toxic. Acetal 
is used in organic syntheses; tt releases acetaldehyde slowly in reactions by hydroly- 
_ sis, and may also be used where anhydrous alcohol is required. Acetal is used as: 
general solveut, and has been used in motor-fuel compositions. 

2. Aldehyde-ammonia (l-aminoethamol (LU.C.),  acetaldehyde-ammonia, 
Aldamine, Vulkacit A), CEGCH(OIT) NH, formula weight of trimer (believed to have 
formula 1), 183.252; m.p., 94.5-95°C. from water (88°C. froin ethyl ether, and less 
stable); b.p., 100-110°C. with partial decomposition to acetaldehyde and ammonia; 
colorless rhombic crystals, Aldehyde-amimonia is very soluble in water and ethyl 
alcohol, ancl practically insoluble in ethyl ether, benzene, and carbon disulfide. The 
trimer decomposes slowly to a dimer in solution (11); the crystals lose water in a 
desiceator over sulfuric acid. On warming aldehyde-ammonia with dilute acids, 
acetaldehyde is regenerated. Aldehyde-ammonia resinifies on exposure to air and 
should therefore he kept in closed containers. Aldelryde-ammonia may be formed 
by the direct addition of ammonia to acetaldehyde in the vapor phase; the reaction 
is usually carried out by passing the aldehyde into ether or water saturated with 
ammonia; I6 kg.-cal. per gram-mole is evolved. Aldehyde-ammonia has been used 
mainly as a rubber accelerator, aud the analogous reaction product with aniline has 
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also been so usec. It can be used as a slow accelerator for thread and foam rubber. 
It is also useful in a few organie syntheses, but it is not produced on a large seale. 


NHOH ο 
H,CHO -— c HCH, HO Hc "CHCH;CHOHCIE, 
| | | (II) 
HOH:N — NHLOH mE Ò 
“CHICH, “CHCH: 
o 0 
HOUG  Όπαιι H,CHC — CHCA: 
(AIT) | | | | (IV) 
WO 0 ὁ ὁ 
N ζ΄. ΄ . Nc 
CHOH, CHCH: 


3. Aldol (3-hydroxybutanal (LU.C.), aeetaldol, g-hydroxybutyraldehyde), 
CH;CH(OH)CHsCHO, formula. weight 88.104, is a colorless mobile Liquid when 
freshly distilled under reduced pressure; bie, 72?C.; ba, 837; sp.gr., 1.103; sp.heat, 
0.737. Aldol is miscible with water or ethyl alcohol and soluble in ethyl ether. On 
standing, aldol ehanges to a viscous dimer, from wlüch paraldol (IT), also a dimer 
(white erystals, m.p. 05-07 ?C. with decomposition), separates. The dimerization 
is retarded by water or dioxane aud is accelerated by acetic acid. Both aldol and 
paraldol give thesame equilibrium mixture on prolonged standing in aqueoussolution | 
in dilute solution there is chiefly tle monomer. Heating paraldol or the sirupy 
dimer under reduced pressure regenerates the monomer. Aldol is formed from 
acetaldehyde in dilute alkali or in the presence of amino acids or weak organic bases; 
the reaction evolves 195.7 gram-eal. per gram. A 2:1 mixture of acetaldeliydeand a 
1.25% solution of sodium hydroxide may be used. Crude aldol consists mainly of 
the addition product 6-hydroxy-2,4-dimethyl-1,3-dioxane (IIT) with acetaldehyde; 
on slow distillation under 10-15 mum. absolute pressure, preferably in the presence of 
acid or alkaline catalysts, the addition produet breaks down into acetaldehyde and 
aldol. For specifications and contaiuers, see (14). Railroad shipping regulations: 
none. 

Aldolis generally converted to other compounds at the same plant, It may be 
hydrogenated to 1,3-butylene glycol, and the latter dehydrated to give butadiene 
(6); this was one route to butadiene in Germany during World War II. On dis- 
tillation at ‘atmospheric pressure, aldol readily splits off water to form the more 
stable erotonaldehyde, CH3CH:CHCHO, which is hydrogenated commercially to 
butyraldehyde and butyl aleohol; butyraldehyde may be oxidized to butyric acid or 
anhydride, while crotonaldehyde is oxidized to crotonic acid on au industrial scale. 
Aldol is also used in solvent mixtures. 

4. Chloral (trichloroacetaldebyde), CCLCHO. See Chloral. 

5. Chloroacetaldehyde (chlorocthanal), CH2CICHO, formula. weight. 78.501; 
a mobile liquid with an extremely pungent odor; b.p., 85°C. [tis produced by pass- 
ing vinyl chloride and chlorine into water at 35°C. or lower in the dark and in the 
absenee of a catalyst; thorough mixing is necessary, anil nitrogen or carbon dioxide 
may be used as a carrier or mixing agent. The hydrogen chloride coucentration of 
the Hquid is raised to 20% and chloroacetaldchyde hydrate is obtained by distilla- 
tion. The anhydrous aldehyde may be obtained by passing the vapor over ealeium 
chloride at 100°C. (32). The aldehyde may also be obtained by heating dichloro- 
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methane, CH»Ch, to 300°C. with formaldehyde in the presenee of sulfuryl ehlorido, 
SO:Ch (34). Chloroacetaldchyde polymerizes readily ou standing. It is not pro- 
duced commercially on a large seale. Its chief importance is in argauic syntheses; 
it offers one route to sulfathiazole. 

6. Metaldehyde (metacctaldehyde, Meta), (C2Hy,O),, the tetramer of acet- 
aldehyde, formula weight 176.208; colorless needles or prisms; m.p., 246°C. (in a 
sealed tube); sublimes above 115°C. with some decomposition to acetaldehyde; 
sp.gr., L27. There is an isomer that has m.p. 47?C., b.p. 170? (slight decompost- 
tion), and sp.gr. 1.18 (8). Metaldehyde is insoluble in water, acetone, acetic acid, 
and carbon disulfide; sparingly soluble in ethyl alcohol, ethyl ether, benzene, and 
cold chloroform; soluble in warm chloroform. Compressed metaldehyde burns 
in air with à nonluminous fame, practically free from soot and ash; its heat of 
combustion is about 6 kg.-esl. per gram. Ibis converted to acetaldehyde by heat- 
ing with dilute acid. Metaldehyde is poisonous if taken internally. It is formed 
from acetaldehyde by dry hydrogen chloride or a trace of sulfurie acid (yields are 
about 2.895 and. 1.895, respectively, at, 0?C., while over 90% of the acetaldehyde 
is converted into paraldehyde); hydrogen bromide with ealetum. bromide is re- 
ported to yield 8.4% metaldchyde at 0°C. The metaldehyde is stabilized with 
ammonium carbonate or other compounds to neutralize the effects of traces of cata- 
lyst; itis not produced on a large seale, Tt is used mainly as a solid fuel and as a 
poison in batt compositions for the control of suails and slugs. 

7. Paraldehyde (paracetaldehyde, trimethyltrioxymethylene), (C;H40), (IV), 
the trimer of acetaldehyde, formula weight 132.156, is a colorless liquid with a char- 
acteristic pleasant odor; m.p., 12.5°C.; b.p., 124°C. ; di’, 0.9943; nb, 1.4049; absolute 
viscosity at 15°C., 0.1859; sp.heat, 0.459; heat of fusion, 25.2 gram-cal. per gram; 
flash point, 42°C.; solubility in water, 13.25% at 8.5°C., 5.8% at 75°C. An isomer 
with a higher b.p. and density is known to exist (3), Paraldchyde is miscible with 
ethyl alcohol, chloroform, and ethyl ether. Tt is stable in the presence of alkalies 
aud docs not give the typical reactions of the aldehyde group. On slow distillation 
with a few drops of sulfurie acid or dilute hydrochloric acid, the acetaldehyde is re- 
generated and removed from tle equilibriun mixture.  Paraldehyde is readily 
formed from acetaldehyde by adding a few drops of sulfurie acid; the reaction is exo- 
thermic, and may become almost explosive in violence, evolving 20.5 kg.-cal. por 
gram-mole. "Phe equilibrium is 04.397 paraldehyde at 15°C.; after exact neutraliza- 
tion, the paraldehyde may be purified by distillation. Paraldehyde is used chiefly 
for releasing acetaldehyde slowly in reactions; it is also a convenient form for shipping 
small quantities of acetaldehyde. It has a limited use as a soporifie and as a solvent, 
For specifications and containers, see (14) and U.8.P. XITL. 
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ACETALDOL, CH;CH(OH)CH,CHO. See “Aldol” under Acetaldehyde. 


ACETALS 


Acetals (1,1-diulkoxyalkanes), RCH(OR^)s or R4C(OR^), inay be regarded. as the 
diethers of the hydrates of carbonyl compounds. Although the hydrates themselves 
cannot be isolated except in very special cases (chloral hydrate, for example), their 
diethers are reusonably stable compounds that can be prepared in the pure state, 
usually by reaction of an aldehyde with an alcohol. Acetals ure remarkably stable 
toward alkalies but decompose rapidly in the presenee of dilute aqueous acids, giving 
the original aldehyde and aleohol. 
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The term “acetal? denotes specifically acetaldehydo diethyl aectal, CH,CEH- 
(OCLH;)2 (see “Derivatives” under Aceéaldehyde),  Acctals have been named in 
various ways (see Table 1). Cyelie acelaks derived from au aldehyde aud a 1,2-glycol 
are ealled dzorolanes. Ketals, ReC(OR)., such as acetone diethyl acetal, are ordinarily 
called acetals. The sulfur analogs of acetals and ketals are called mereaptals aud 
mercaptoles, respectively (see Mercaptals and mereaptoles). 

The acetals are clear, mobile liquids, lighter than water. Che lower members 
are soluble iu water, but the solubility decreases rapidly with inereasing molecular 
weight. The lower aliphatic acetals have characteristic pleasant odors.  Sniull 
quantities are found in wines and aleoholic beverages and contribute io their bou- 
quet. These acetals are formed from aldehydes generated during the fermentation 
process. They are also by-products of the oxidation of aleohols, whieh takes place 
in the aging period. 

Tn the usual preparation of acetals from aldehydes und aleohols, heazacetats are 
formed as intermediate products (eq. 1}. The reaction is exothermic and the formation 
of hemiacetal is indicated by changes in the refractive Index ani specific pravity of the 
alcohol-aldehyde mixture and hy the disappearance of the earhonyl grouping as shown 
by absorption-spectra studies. Hemiacetals (except chloral aleoholate) are difficult to 
isolate and they decompose on heating: 


RCHO + OH === RCH(OH)(OR’) (1) 
hemincelal 
RCH(OTI)(OR) -4- R/OIT z———z RCH(OR’), (2) 
avetal 


Catalysts used in this process may be acids (hydrochloric, p-tolucnesulfonic) 
or &ulis (ealeium chloride, ammonium ehloride). When possible, azeotropie distilla- 
tion, to remove water formed during the reaction, is employed to improve the yield. 
This is a general procedure when the aleohol and the aldehyde contain four or more 
carbon atoms. 

In special cases when the usual methods fail or the acelal of an expeusive or 
sensitive aldehyde is required, the orthoformie ester method is of great; value: 

ROHO -- CH(OR^); ——— RCH(OR^; + IICOOR" (3) 


This method is particularly useful for the preparation of the acetals ol ketoucs. 
Acetals may also be obtained from orthoforinic ester by use of the Grignard 
synthesis: 
RMgX -- CIT(OR) —— RGH(OR^2; 4- R'OMgX (4) 
Industrially, acetals of acetaldeluydo ire obtaiued by the addition of alcohols to 
acetylene in the presence of boron trifluoride and mercuric oxide catalyst (oq. 5) aud 
by the addition of an alcohol to a vinyl ether in the presence of boron trifluoride 
(eq. 6). 
HCiCH + 2 ROH -———» CH,CH(OR), (5) 
CTL: CH.OR 4- R^OH ———- CH CH(OR)(OR) (6) 


It should be noted that the latter reaction may give rise to mixed acetals. Mixed 
acetals may also be prepared hy an exchange reaction between an acetal aud another 
alcohol in the presence of an acid catalyst: | 


RCH(ORJs -- R'OH ———— RCH(OR?(OR") 4- R'OH (7) 
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Acetals are useful in syntheses when it is necessary to protect the aldehyde 
grouping. Thus halo aldeliydes may be prepared by halogenatiug the acetal. A 
number of acetalg are used in the perfume industry, for exiunple, phenylacetaldehyde 
ethylene glycol acetal (odor of roses) and hydroxyeitronellul dimethyl acetal (lily οἱ 
the valley odor). Although the odor of the acetals is weaker than and somewhat 
modified from that of the eorresponding aldehydes, they are used to prolong the life 
of perfumes beeause of their resistance to oxidation. Their main advantage lies in 
their stability in soap. The presence of allsali in soup polymerizes aldehydes to odor- 
less resins, Whereas acetals remain unattaeked aud retain their odor, 

Acetals also find industrial application as process solvents aud as plasticizers. 
Polyvinyl acetals made from polyvinyl aleohol aud aldehydes are important synthetic 
plasties (see Vinyl compounds}. Polyvinyl butyval is the most important material 
used for the interlayer in safety glass. Acetuds derived from aldehydes, such as salieyt 
aldehyde, that ean underge a subsequent coupling reaction have been used as dye 
iulermediates. 


TABLE I. Acetals. 





























i 
Common Bynunyns | Formula Re a? 
Methylal Dimethoxymethane (EU.CO; | CESQUCLH;): --105 42.3 | 0.8608 
formaldehyde dimethylace- | 
tals methylene dimethyl | 
ether; formal 
Dimethyl ace- | 1,1-Dimethoxvethane (LU, | ο Πιο ΠΟ Ἠ ds —113 64. 5 0.850 
tal C.); acetaldehlivde dimetlivl 
acetul: ethylidene dimethyl 
ether 
Ethylal Diethoxsymethane (LUC; | CHOCH): —(0.5 8U 0.832 
formaldehyde: cdiethyl wee- 
tal; oo methylene diethyl 
ether; diethyl formal 
Acelal 1,1-Diethoxyethane (UCL: | CTRCH (OCH 5) x | 103.6 | 0.825 
acetaldehyde diethyl uec- | 
(ul; —etyvdidene — dietliyl 
ether | | 
Dimethyl 1, 1-Dimethoxy-2-chloro- ("τα (ος Τον. = 128 1.00525 
ehloroacctal ethane (LUC) 
2-Methyl-1,8- | Acctaldehyde ethylene glycol ο (Πιν —- 81-82 ! 0.0795 
dioxolane που] CIEGEE, | 
OCH: 
Paur BEDOUKIAN 
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Acetamide (acetic acid amide, ethanamide), CHs;CONH. (abhreviuted to AeNHa). 
formula weight 59.07, is the amide (see Amides) of acetic acid (q.v.). Tt is a color- 
less, crystalline compound that is deliquescent in moist air. Tt is odorless when 
pure, but frequently has a mousy odor due to au unknown impurity. Because of 
its diverse functionality it is invaluable as a solvent (sce Solvents}. ts methyl 
group relates it to the hydrocarbons; its carbonyl group to ketones, esters, and 
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acida; the hydroxyl group of its tautomer, CET4C(OH):NET, to aleohols aid water; 
its anno group to ammonia derivatives; and its high dielectric constant enhances 
its solvent action on inorganic conpounds. 


Properties 


1. Physical M.p., 81.0?C.; b.p. 221.2?C5.; vapor pressure (mm. Hg at 
105°C), 10.0; «5^, 1.4274; do, 1.159. On erystallization acclamide may form a 
wetastable crystal melting as low ax 69?C., whieh slowly changes to the stable form 
in time or rapidly ehauges on seeding with a erystal of the stable form. The change 
is accompanied by an evolution of heat. ‘Che solubility of acetamide in water and 
in aleohol is given in Table T. 


TABLE T. Solubility of Acetamide. 
s c ros |] — Moles aefamide/100 uoles s T 


In, 








Temperature, "Ton perature, 
σα ο, 





thy tleohol 


η. 18.5 


40 55.5 53.5 





0 
10 26.0 50 64.0 04.5 
20 33,8 60 74.0 76.5 
30 


43.0 


After Seidell, 3rd ed. 1041, Vol. TIT, p. 120. 


Tn 1033, O. FE. Stafford (2), at the University of Oregon, investigated the solu- 
hility of some four hundred compounds in acetamide; the only one that exhibited 
uo solubility was cellulose. Specifically, Stafford found that among organie com- 
pounds sixty-five ammonia nitrogen derivatives (except uric acid), seventeen 
carboliydrates (except cellulose but including starch), sixty-eight dyes, forty-four 
alcohols, cleven nitro and nitrosa compounds, and a number of imiscellancous 
nitrogen derivatives all dissolve readily. Of the twenty hydrocarbons tested, 
anthracene, phenanthrene, and triphenyhnethane are quite soluble; the others are 
soluble at higher temperatures, but form two-phase systems at lower temperatures 
(80-120?C.). AIl of the forty-five acids tested are soluble. Tweuby oxygen com- 
pounds are soluble, but ethers appear slightly less soluble thau the others. 

2. Chemical. Acetamide may be ‘regarded as a neutral snbstanee, its aeidie 
and basic properties being so weak that they aré not manifested in water solution. 
Acetamidle is saponified by hot alkali and hydrolyzed by hot neid according to the 
equations: 

SHSCONIT, -+ NaOH. ———9 CESCOON: + NH; 


It is converted to acetic acid by the action of nitrous acid. Tt undergoes the TTof- 
inann reaction to yield monomethylainine according to the equations: 
CIHCONII, + NaOCl ——— CH,CONHCL + NaOH 
CHsCONTICL -+- 3 NaOH ———> CTIANH, 4+- NaCl + NaeCO, + HOT 


When distilled in the presence of phosphorus pentoxide, acetamide is converted to 
acetonitrile, CH3CN, 
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Manufacture 


Acetamide may be prepared in several ways, the most important of which are as 
follows: 





CELCOCI + 2 NH, —-~> CHACON He + ΝΠΚῚ (1) 
(CHSCOJ + 9 NH, ——> CILCONH. + CHCOONH, (2) 
CH4COOCSH, 47 NH; > CERCON H: + CHOH (3) 
100 ~ 200°C. 

CH: COONH, - --- 3 CH,CONH: -+ HOH (4) 

hot TIC 
CILCN -+ HOH —~—> CH.CONH (51 
CERCOOH + NHy —-—> CH,CONH: + HOH (6) 
HCONH, + CH,OH ———> CHACONH, + HOH (7) 


The inmost. efficient commereial method of manufaeture is by the distillation. of 
ammonium acetate (eq. +). Acetamide is usually made by a bateh process in n 
glass-lined unit with a eapacity of about 500 gal. This unit is charged with acetic 
acid and ammonia, and heated under reflux for several hours. The unreacted acetie 
acid, ammonia, and ammonium acetate are removed and used in subsequent batches. 
The acetamide remaining is either purified by distillation or is run into pans in which 
it is crystallized. The crystals are centrifuged and washed. The c.p. material is 
made by further reerystallization. U.S. production is of the order of 100,000 Ib. 
annually: the technical grade sells at approximately 22 to 336 per Ib. depeuding on 
the amount purchased, Acetamide is produced in a technical grade and in a 
chemically pure odorless grade; these have the specifications given in. Table II. 


TABLE I. Specifications for Acetamide. 























Specification | Technical Cup. odorless | Specification Technical Cup. ocdarless 
L— τ um να, νννωνννννννηννἲ - e 
| - . "n 
Acetamide | | 99 5-99 9, | Color Grayish White 
Tree acid, acetic | 0.345 max. | Trace | Odor Slight None 
Chlorides | None Noue ’ | Melting point | 77-79°C. | 79-81°C. 
Sulfates | None None i Nonvolatile — | -- | 0.0175 mux, 





Source: Niacet Chemicals Divison U.S. Vanadium Corp., Bull. No. 2. 


Acetiunide is deteeted by hydrolyzing it to the acid or ester. A convenient 
derivative for identification is obtained by the aetion of phthaloyl chloride on 
acetamide to yield. N-acetylphthalimide. 


Uses 


Acetamide's outstanding properties as a solvent for most organic and inorganic 
compounds have led to its widespread industrial use in this capacity. Special 
applications are in eryoscopy, as a soldering flux ingredient, às a dye solvent and 
assistant in the textile industry, and in urea molding compounds. Its neutral anc 
amphoteric characteristics make it valuable as an anti-aeid in the lacquer, explosive, 
and cosmetic industries. Its hygroseopie properties are the reason for its use as a 
plasticizer in leather, cloth, and various other films and coatings, and as a humectant 
for paper. Other misecllaneons uses involve those of an activator in bleach liquors, 
as a wetting agent and penetration accelerator in dyeing, as a special food for pro- 
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moting mold growths, wmd as a raw material in organie syntheses, especially of 
methylamine and medicinals. 
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Acetanilide. 


ACETANILIDE 


Acetanilide (acetanilid, U.S.P. XII, N-phenylacetamide, N-acelylaniline, Anti- 
febrin), CH;NHCOCHs, formula weight 135.16, forms colorless, lustrous, erystal 
scales but can also be obtained as a white powder. Itis a stable compound and eum 
be boiled without decomposition, The little-known unstable, monocliuie (?) form 
goes over into (he stable, rhombie form. Acetanilide was first prepared hy Gerhardt 

in 1852 hy the reaction of aniline and aectyl chloride. "Phe first, recorded medieinal 
use was by Cahn and Hepp in 1886. [tis a useful starting material in organie syn- 
thesis hecause of the protective action of its acetyl group on the amino group, which 
is readily freed by hydrolysis. A modern instance is the synthesis of certain sulfa 
drugs. Antifebrin, though still used in pharmaceutical compounding, has been 
largely superseded by acetophenetidin (Phenacetin), particularly as an antipyretic 
(see Analgestes). 


Physical and Chemical Properties 


Constants. M.p., 114.2°C. (.C.T.); b.p., 303.8°C. (cor) (LET); di, 1.21; 
dy", 1.0261; heat capacity (mean: 0-99.6°C.), 0.3391 eal. per gram; heat of vapor- 
ization at 154°C., 136 gram-eal. per gram; heat of combustion, 1010.4 kg.-cal. per 
gram-mole; ionization constant (.K;) at 40?C., 4.1 X 1075; eryoscopie constant 
(Kp = AT/N), 6.932; dielectric constant (ce), 19.5; dipole moment, 4.01; viscosity 
at 120°C., 0.0222 gram per em.see.; surface tension at 118°C,, 32.9 dynes per em, 

Boiling point elevation in aqueous solution (Atp) at normal atin. pressure is 
shown in Table I (N = gram-moles per kg. water). 


TABLE E Boiling Point Elevation i in Aqueous Solution, 





N Aly 
|. 8e ee she eren 10.0. 
OE. Less e e 17.9 
OAB., Lees eene 17.8 








Source: reference (3). 


' Acetanilide crystallizes from water in the form of rhombic leaflets, or scales having 
two axes of symmetry. 


ACETANILIDE 49 


The solubilities of acetanilide in various solvents are shown in Tables L, IV (1), 
and V. The liquid layers that separate above 83.2?C. in aqueous solutions have the 
compositions shown in Table LIT. 


TABLE II. Solubility of Acetanilide in Water. 






























































dd Ae cotunilide, [ ` - τ do --- ΠΠ T EE f 
T emperature, rns 100 Solid phase | temen frames Solid phase 
soln, i soln. 
— 0.08 0.5 Tee + acetanilide i 80. 0 1.5 Acetanilide 
(eutectic) 
15.0 0.5 Acvtanilide | 83.2 5.3 Acctanilide +4 
i (quad. liquid layers 
i pl.) 
20.0 0.52 Acetanilide | 83.2 87.0 Acctanilide + 
| liquid layers 
30.0 0.63 Acetanilicde | 85.0 01.0 Acetanilide 
40.0 0.86 Acetanilide i 90.0 04.85 Acetanilide 
50.0 1.28 Acetanilide l 05.0 96.5 Acetanilide 
60.0 2.0 Acetanilide | 100.0 98.0 Acctanilide 
70.0 3.0 Acetanilide 114.0 100.0 Acetanilide 
| (m.p) 
Source: reference (5). 
TABLE III. Compositions « of f Liquid Layers of Aqueous Solutions. 
BERN | “Acotanilide, | are ems/100 grams pee "Arelanilide, grams/100 grams. 
Comperature, -- —— ———— ———————-—, ο  ---------- 
C. Acelanilide- ος, Wnuter-rieli Acetanilide- 
rieh lay: er | ayer tich layer 
83.2 87.0 | 135.0 22.0 69.0 
90.0 82.5 | 140.0 98.0 63.0 
100.0 80.5 142.0 30.0 60.0 
120.0 79.0 | 144.0 45.0 45.0 
130.0 73.0 | (erit. 
| temp.) 
Souree: referenee (4). 
TABLE IV. Solubility of Acetanilide in Organic Solvents. 
ΠΤ. | Aeetanilide, σσ Tuo D Aeetanilide, 
Solvent "νη Solvent Tenaga, Arms eatd, 
. soln. soln, 
Ether 25 7.7 | Amyl acetate 80-31 10.46 
Chloroform. 25 16.6 | Aniline an-31 19.38 
Acetone 30-31 31.15 | Amyl alcohol 25 14.00 
Benzene 30-31 2.46 | Xvlene 32.5 1.65 
Benzaldehyde 30-31 18.8 |. Ethyl aleohal 20.0 36.9 








TABLE V. Solubility of Acetanilide in Aqueous Acetic Acid, Solutions. 


` " 1 
Acatic acid, Acetani ide, grams 100 grams neetie meid soln. 








Yo (wt/wt) 20°C, | 2550. doc. 35*C. 
21.2 2.23 2.70 3.28 4.05 
84.4 9.82 12.2 18.1 19.2 
18.4 31.5 38.2 16.6 50.0 
45.0 40.4 17.6 50.7 67.9 
47.7 45. 52.5 61.2 71.6 


49.7 46.2 52.9 60.9 10.7 
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Reactions. Acctanilide is mildly basic. Though stable under ordinary condi- 
tions, it hydrolyzes readily when heated with aqueous alkali or with aqueous mineral 
acid solutions: 

C,IL,NIICOCH; -- HOH — GIN H; + CHCOOH 
This property is carried over to its derivatives and is useful in the synthesis of 
nuelear-substituted phenylamines (seo Uses"). When heated with gine chloride at 
250°C., acetanilide condenses to form the unimportant yellow dye, Flavaniline 
(C.T. No. 804). The acetamido group (CH,CONH—) of acetanilide is strongly para- 
directing, or, if the para position is filled, ortho-directing. The N-hydrogen atom is 
readily replaceable under suitable conditions to form N-substituted compounds. 

Pyrolysis products of acetanilide are N,N’-diphenylurea, aniline, benzene, and 
hydrocyauie acid. Passage of dry hydrogen chloride into molten acetanilide pro- 
duces N, N’-diphenylacetamidine, CHC (CNCE NHG Hr Addition of sodium to 
a hot solution of acetanilide in xylene produees the N-sodium derivative. Chlorine 
replaces oxygen, giving CeH;NHCCLCHs, which loses HCI to give CeH,N :CCICH,. 
When heated. with phosphorus pentasulfide, acetanilide yields thioacetanilide, 

‘wH;NHCSCHs,, from which thio imido compounds, amidines, etc., can he prepared. 
When treated with hydrochloric acid, acetanilide in acetic acid solution gives the 
two salts 2C.H,NHCOCH, HCI and CeH;sNHCOCH;AC] When treated with 
bromine, acetanilide in aqueous acetic acid solution yields p-bromoacetanilide, p- 
BrCH;NHCOCTIH;; in aqueous solution containing potassium bicurbonate, it yields 
N-bromoacetanilde, CsH;NBrCOCH,. The reactions with chlorine are analogous. 
Nitration of acetanilide in sulfurie acid solution yields predominantly p-nitroacet- 
anilide, p-NO:C;H4NH.COCTI; (11). When acetanilide is treated with excess chloro- 
sulfonic acid at elevated temperatures, the important reaction product is N-acetyl- 
aulfanilyl ehloride, p-CH;CONHC;H;SO4CI 


Manufacture 


PRACTICAL METHODS 


Prom Acetic Anhydride and Aniline, A benzene solution of one part of aniline 
p > ` > τ » ` (3 
and 1.4 parts of acetic anhydride is refluxed in a jacketed, enameled still until_no 
free aniline remains. 


2 GoHN A, + (CHsCO).0 ———> 2 C,H,NHCOCH, ἠ- MO 


The reaction mixture is filtered, and the crystals separating on cooling are recrystal- 
lized from hot water. Acctyl chloride may be used in place of acetic anhydride. 

From Acetic Acid and Aniline. This method, though one of the earliest, is still 
in use because of its economy. Aniline and about 100% molar excess of acetic acid 
(degree of excess depending on strength) is refluxed from 6 to 14 hours in a suitable 
still. Glacial acetic acid is preferred industrially, 

CsH;NIT, -- CH;COOH —-—> C,H,NHCOCH; + HO 

If the acetic acid is quite dilute or if crude pyroligneous acid is used, the reaction is 
carried owt under pressure at 150-160°C. The product is dropped into water 
(usually hot) and allowed to crystallize. 

In another modification (8), the aniline is heated to its boiling point and heating 
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is continued while acetic acid i3 added slowly during the course of the reaction. The 
reaction is carried out under nonoxidizing conditions. above 110°, and in 6 hours. 
OTHER METHODS 


From Kelene and Aniline. Wetene (eas) when passed into aniline under suit- 
able conditions produces acetanilide (7,9). 


GHN H: + IRE C: O —~—— CIIENHCOCH, 


At present, this process appears to be uneconomical industrially. 
From Thioacetie Acid and Aniline, Thioaeetie acid reacts with aniline in the 
cold to give acetanilide with the liberation of hydrogen sulfide. 


HiNT, 4- CH;COSH -—- 





» G,INITCOCIT; -- TIS 
ECONOMIC. ASPECTS 


The annual U.8, production for 1946 is reported as 8,030,060 Ib. The market 
quotations for 1047 are: U.S.P., 48-40¢ per Ib. for. 100—2000-Ib. lots; technical, 
23¢ per Ib. in lots less than à earloud and 214 per Ib, in carload lots. 


GRADES AND SPECIFICATIONS 


TABLE VI Grades of Acetanilide. 











Property Teehnical (6) U.S. P. (4) 

Form Flakes or powder Crystals or powder 
Color White to ereum White 
Ash 0.2^4, max. 0.05 max. 
Melting point, — 114.0?C. min. 
Setting point. 112,0?C., min, == 
Solubility 

In 95%, ethyl alcohol — Complete 

In glacial aevtie acid Complete | --- 
Fineness 

14-mesh a= None 

80-mesh — | 3.096 max. 
Free aniline | 0.25 max. | None 
Free acetic acid 0, 756, max, : None 








U.S.P. grade acetanilide comes in the followng containers: tye- (1 ο4.), Ye, 
1-, 5-, 25-, and 50-Ih. cartous; 100-Ib. kegs; 100-, 150-, 170-, and 200-Ib. barrels. 
Technical grade acetanilide comes in 200-lb. barrels and 200-lb. paper bags (mois- 
tureproof). (All weights arenet.) Railroad classification is: acetanilide, N.O.LB.N. 
Tariff rates are: noumedicinal, 7¢ plus 40%; medicinal, 7¢ plus 45%. Precaution: 
Protection from inhalation of dust. Acetanilide has uo wiusual hazards. 


TESTS 
For details of tests on U.S.P. material, consult references (4,6). The free aniline 
content is determined most conveniently by a colorimetric method (6). Free acetic 
acid content is obtained by titrating in alcoholic solution with standard alkali. 
Identification tests (U.8.P., U.8.D.) are as follows: («) Boil with dilute alkali: 


Sx 
ho 
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characteristic odor of aniline. (b) Treat saturated solution with bromine water: 
white precipitate of p-bremoacetanilide. (e) Warm with potassium hydroxide and 
chloroform: disagreeable odor of phenyl isocyanide (poison), 


Uses 


Acetanilide is used as an autipyretie and analgesie (q.9.). Its use as an anti- 
septie is diminishing. [D is used in the manufacture of the dye intennediates p- 
nitroacclanilide, p-nitrouniline, and p-phenylenediamine, and of the derivatives 
mentioned below. Considerable quantities were used during World War I for the 
manufacture of acetylsulfanilyl chloride. 

Other possible uses of aectanitide inelude: asa stabilizer for hydrogen peroxide; 
as a rubber accelerator; as an additive in cellulose ester type lacquers; and as g 
stabilizer for cellulose. 


Derivatives 


p-Bromoacetanilide CBromoanilid, Antisepsin, Asepsin), p-BrCsH,NHCo- 
CHs, white crystals, mp. 168 °C., is insoluble in water, moderately soluble in alcohol, 
and easily soluble in benzene and chloreform. It is prepared by the action of bro- 
mine in acetie acid solution. Although it is used as an analgesic and antipyretic, 
large closes may eause eyanosis. 

N-Acetylsulfauilyl chloride (p-acetamidobeuzencsulfonyl ehloride, p-acetyl- 
amiuobenzenesulfanyl ebloride, abbreviated to A.S.C. (uléu drug terminology)), p- 
CHsCONHC.HSO.Cl, The industrial produet is a gray to white, granular to 
erystalline material, m.p. about 149°C. It is unstable in the presence of moisture 
and impurities, insoluble in water, and soluble m acetone and hot ethylene di- 
ehloride. N-Acetylsulfanilyl ehloride was first prepared by Gelmo in 1906. Tt is 
prepared industrially by allowing acetanilide to react with excess ehlorosulfonie acid 
at elevated temperatures (10). Its chief use is in the manufacture of sulfa drugs 
(q.29.).  A.8S.C. condenses readily with primary amines; for example, with 2-amino- 
thiazole it gives acetylsulfathiazole, which on hydrolysis yields sulfathiazole. 

Acetoacetanilide, C,H; NHCOCH:COCH;. See “Derivatives” under Aniline. 
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ACETARSONE, CH;CONH(HO)C;H4ASO(OH)s. — See. Amebacides; Arsenic 
preparations. 
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ACETATE DYES 


Acetate dyes include several types of dyes aud dye compositions that are particularly 
useful in dyeing acetate silk but have little or no value in dyeing cotton or other 
cellulosic fibers. 

At the time of the commercial introduction of acetate silk, sold under various 
trade names such as Celanese, Rhodiaseta, Lustron, Saraceta, Accle, and Koda, prob- 
lems connected with its dyeing were sufficiently serious to imperil the infant industry. 
The fibers, consisting not of pure cellulose but of cellulose esters, do not behave 
toward dyes as do fibers composed of pure cellulose. For thë most part, cellulose 
acetate fibers possess little or no affinity for the great majority of dyes used in the 
coloration of other fibers. Moreover, the wetting and penetrating of cellulose 
acctale is not easy; the higher the acetyl value, the lower the degree of wetting and 
penetrating. Vor this reason, acebate rayons arc manufactured from lower acetates, 
the balance between acetyl and hydroxyl radicals being so adjusted as to give the 
maximum luster consistent with a reasonable degree of penetration. 

Originally research in the dyeing of acetate fibers was direeted along the lines of 
eausing the fibers to swell, with eonsequent improvement in the peuetrability of the 
dye into the swollen fibers. For example, solutions of dyes in methanol, ethyl alcohol, 
acetone, formic and acetic acids cause the fiber to swell and take up a large amount of 
dye. For similar results, sulfonic acids, glycol esters, pyridine and its derivatives, 
resorcinol, and other agents have also been added to the dye bath. This method of dye- 
ing acetate silk is still used to a small degree at the present time. 

In another line of attack, carried on especially in England, various types of dyes 
were tried. Lt was found that acetate fiber has the greatest affinity for neutral, or 
only slightly basic or aeidie, dyes. It is believed that in acetate silk dycing the 
acetate acts as a solid solvent for the dye rather than exerting any chemical affinity 
toward the dye. 

'The earliest, type of true acetate dyes depended for efficacy on chemical solubil- 
ization of otherwise insoluble dyes. These dyes, the Ionamines, now generally 
obsolete, were introduced by Green and Saunders in 1922 (5). They comprise the N- 
methyl-w-sulfonates of primary and secondary :iuninoazo and aminoanthraquinone 
dyes. These dyes act as direct dyes toward acetate silk, dyeing, for the most part, 
yellow, orange, and red shades. Those that contain reactive amine groups may be 
further diazotized and coupled with g-naphthol, 3-hydroxy-2-naphthote acid, resor- 
cinol, etc., yielding, for the most part, darker shades. To avoid logs of luster, the 
dyeings are earried out at temperatures beluw 80°C. The shades are relatively fast 
to light and washing, but the fastness to light is dependent ultimately on the con- 
stitutions of the individual dyes. It is believed that the Lonamines, as sulfonic 
acids, are soluble in water, but in the warm dye bath, in the presence of acid or alkali, 
they decompose to the original amino compounds, that is the aminoazo or amino- 
anthraquinone compounds, which, being soluble in acetate silk, are readily taken 
up by the fibers. 

Similar racans of chemically solubilizing dyes have been disclosed but are not 
of special importance. Tor example, bisulfite derivatives of azo dyes, glycine 
derivatives, and glycol and glycerol esters have been suggested, and also the treat- 
ment of azo and anthraquinone dyes with formaldehyde bisulfite. 

Another early type of acetate dye, to which class belong the great majority of 
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acetate dyes manufaetured at the present time, is the dispersed type. which depends 
on physical dispersion of the dye. Dyes of this type were introduced by G. H. Ellis as 
S.R.A. dyes (Ko-namerl on aceount of the dispersion of the dyes in Sulfo Ricinoleic 
Acid) and comprise nonsulfonated azo clyes dispersed with a dispersing agent (8,9,10). 
This method of application has been extended to inelude other dyes, such as triphenyl- 
methane, azine, oxazine, thiazine, indigoid, and certain anthraquinone derivatives. 
"Phe dispersed dyes are prepared by grinding the dye in paste form in the presence of à 
dispersing agent, dyeing the paste, and grinding with a suitable diluent sueh as dex- 
trin, sugar, or salt. Included among the dispersing agents used for the production of 
dispersed dyes are: sulforieinoleie acid, sodinm ligninsulfouate, cellulose sulfite solu- 
tion, sulfated and sulfonated aliphatic alcohols, the condensation product of oleic acid 
chloride with isethionie acid. (2-hydroxyethanesulfonie acid, Igepon A), amines such 
as ethanolamine, a mixture of sulfonated naphthalene and. cetyl alcohol, quaternary 
ammonium bases, furluryl or tetrabydrofurluryl alcohol, a dispersion mixture of sulfo- 
reinuleie arid and aliphatie or uromatie hydrocarbons, glycerol, epichlorohydrin, 
ethyleue chlorohydrin, and hydrogenated hydrocarbons. Dispersed dyes have proper- 
ties peentiar to the type of dye and the dispersant used. Some are particularly fast to 
light aud others to water; some are especially suitable for 1lhluminating colors for dis- 
churge styles and stil others far dyeing dischargeable grounds. The dyes for cellulose 
acelatie are applied as aqueous dispersions at 60-85°C. They are also used for printing. 

Hydroxyalkyl groups have been introduced into anthraquinone and azo dyes eon- 
taining no other solubilizing group. These products also belong to the dispersed group, 
their slight solubility permitting better leveling at lower temperature, An example is 
the following azo dye (20): 


ON SS NaN NHGHLON (red) 


on 


Dyes of the dispersed class are exemplified by 1,4-diaminoanthraquinone (Celliton 
“ast, Red Violet RN), 1,4-di(methylaminojanthraquinone (Celliton Fast Bhie B), and 
1,4-dilydroxy-5,8-di-(8-hydvoxyethylamino)unthraquinone (Celliton Fast Blue Green 
B). Bee Anthraquinone derivatives; Anthraquinone dyes. Among the azo dyes (q.v.) 
are: 


OH 
| 


CHCONH—( — —N-N— 
og, 
ON τς SN =N -<_> ἃ (orange) 


(yellow) 


OCH; 


| 
— 
ON— QC powmonomononon (violet) 
ΝΟ, Ha 
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G, 


ON YNN) 5—NHCOHQOHOH.CU,OH (blue) 
| e 
NO. ος) 
ATN s, 
ΤΙΝ: --Ν--ΞΝ ---ν΄ s N (CIT ` jack 
oN EN po N==N a . NGCSITLjOH). (hlack) 


The last product belongs to the group of developed dyes. To obtain a black, the base 
is applied to the fiber as a dispersed product, then diazotized and coupled with 2- 
hydroxy-3-naphthoie acid (8-oxynaphthoic acid) directly on the fiber. 

The so-called sulfato dyes, whieh contain the grouping —C»H40SO;H, were de- 
scrihed originally by Green and Saunders (5) and are deseribed in British patents 
(15,16,18). Azosulfato dyes are prepared by coupling a Ciazotized arylamine with wn 
N-substituted 2-aminoethylsulfurie acid (19). "These dyes have found only a very 
limited use. 

The Astrazones are the newest German development in dyeing and printing. 
These products are mostly azomethine compounds (q.v.) (containing the conjugated 
system —C==C—C==N—) and have been reported as giving extremely bright shades 
(3). 

Acid or gas fading, caused by acid fumes, imn particular nitrogen oxide fumes, is a 
serious problem with acetate dyes. Such fumes are present in the atmosphere as a 
result of fuel combustion, from electrical equipment, and from an electrical discharge 
in the earth’s atmosphere. Their action is particularly severe on dyes containing an 
—NHs or —NHR group (7). One means of overcoming this problem is by the intro- 
duction into the dye molecule of substituent groups such as phenyl and o-methoxy- 
phenyl groups (11-14). Another means of overcoming acid fading is by combining 
dyes having poor untifade properties. For example, azo dyes in geueral are superior 
in fume fastness, but have poor light fastness. On the other hand, authraquinone dyes 
possess satisfactory light fastness but peor fume fastness. Many dyers, recognizing 
these facts, employ à mixture of their hest: anthraquinone blues with an azo blue in 
order to produce a blue color on acetate that is satisfactory in regard to fastness to 
light, and acid fumes. So-called “antifadiug agents” or “inhibitors,” which are applied 


TABLE I. Acetate Dyes Manufactured and/or Sold in the United States. 


























Name Company Company 
Acetamine Du Pont Cibacet Ciba Co. 
Acetate Foster-Heaton | Diacel Young Aniline Works 
Altocyl Althouse Chemical Co. Zastman | Tennessee Eastman Corp. 
Amacel Celanese Corp. of America Eastone | Tennessee Eastman Corp. 
American Aniline Products Monoeel | Young Aniline Works 
Artisil Sandoz Chemical Works Nacelan | National Aniline & Chemical Co. 
Calconese Caleo Chemical Division Nyacet Chemienl] Manufacturing Co. 
Camaeyl John Campbell & Co, Phenacyl | Phoenix Color & Chemical Co, 
Celanese Celanese Corp. of America — | Setacyl Geigy Co, 
American Aniline Products SRA, Celanese Corp. of America 
Celanthrene | Du Pont | American Aniline Products 
Cellitazol General Dyestuff Corp. Tetracele | United Chemical Produets Corp. 
Celliton General Dyestuff Corp. ‘Triacel Commonwealth Color & Chemical Ca, 
Celutate Zinsser & Ca, | 
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during the dyeing process or as an afler treatment, impart stability toward acid 
fumes. Actually the term inhibitor is a misnomer since such compounds do not 
actually act as inhibitors but, being basic in nature, act by chemical combination with 
the acid fumes. Melamine (21) and tts derivatives and sym-diphenylethylenediamine 
(23) are representative inhibitors. Melamine may be used to advantage with a mel- 
amine-formaldehyde resin. (22), with urea-formaldehyde resins, and with various 
alkanolamines such as diethanolamine. Numerous other compounds lave been tried, 
many of which have been found equally as effective as the examples given. 

Many companies produce acetate dyes; however, the compositions of many of 
these dyes and dye mixtures are unknown. The list of trade marks in Table I in- 
cludes the more important acetate dyes produced in the United States. 
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ACETATE RAYON. See Rayon. 


ACETIC ACID 


Physical and Chemical Properties, p. 57; Manufacture, p. 59; Uses and Production, 
p. 69; Materials of Construction, p. 71; Derivatives, p. 74. 

Acetic acid (ethanoie acid, IU.C.), CH3COOH (AcOH), formula weight 60.05, 
is a colorless liquid with a pungent odor. [tis familiar in dilute solution as vinegar, 
and has great. commercial importance in the manufacture of cellulose acetate plastics 
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and in many other applications (sec “Uses,” page 69). The pure acid is referred to 
as glacial acetic acid, from the icclike appearance of the erystas. Glacial acetic acid 
is extremely irritating to the skin and will produce painful blisters if not quiekly 
washed off. Acetic acid apparently arrests acrobic and anaerobic fermentation in 
foods and is widely used as a preservative for pickles, fish, meais, ete. (sce Food 
preservation). 


Physical and Chemical Properties 


M.p., 16.6?C.; b.p., 118.1?C.; dj", 1.0492; np, of the liquid 1.37182; surface 
tension in contact with air, 23.5 dynes per cm. at 20?C.; viscosity, 0.013 poixes 
at 18°C., 0.0100 at 41°, 0.0070 at 59°, 0.0060 at 70°, 0.0048 at 100*; erit. temp., 
321.6?C.; erit. pressure, 57.2 atm.; erit. density, 0.351 gram per cu.em.; heat of 
combustion. forming carbon dioxide and water, 200.4 kg.-eal. por gram-mole. at 
20?C.; flash point, 107?F.; coefficient of expansion, 0.001433 nuits per ?C.; sp.lieat, 
0.472 cal. per gram at 20°C., 1.50 at 118-140?, 1.27 at 140-180^; heat of fusion, 
44.7 cal. per gram at 16.58°C.; heat of vaporization, 96.8 eal. per gram at 118.8°C. 
In distillation calculations, 100.5 grams of acetic acid may be taken us that weight. 
that has a heat of vaporization equal tu that of 18 grams of water. The vapor 
density of acetic acid at the boiling point is considerably higher than corresponds 
to the monomer and indicates association in the vapor phase (sec Acids, carboxylic), 


TABLE I. Freezing Points of Acetic Acid Solutions- 











Acetic acid, per cent Pip. PCC, | , Acetin acid, per cent Fapa °C. 
100 16,6 98.5 14.0 
90.5 15.65 08 13.25 


99 14.8 97 11.95 


TABLE II. Specific Gravity of Acetic Aeid-Water Solutions of Various Concentrations." 









































Avetic acid Acetic arid 
a — - tH ------] a? J] $n in tr 
1 ‘ Per cent Lb. per | a Per cent Lh. per 
by wt. gal. soln. | by wt. gal, soln. 
0.9082 0 — 1.0611 55 4.870 
1.0055 5 0.4106 1.0642 60 5.329 
1.0125 10 0. 8450 1.0666 65 5.786 
1.0195 15 1.276 1.0085 70 6.242 
1.0263 20 1.713 1.0696 75 6.605 
1.0326 25 3.154 | 1.0700 80 7.143 
1.0384 «0 2,000 | 1.0680 85 7.582 
1.0438 3: 3.049 | 1.0661 90 8.007 
1.0488 40 3.501 1.0605 05 8.408 
1.0834 45 8.956 1.0492 . 100 8.701 
1.0575 50 1.413 








? On mixing acetie acid and water, a contraetion oeeurs, and heat is evolved. The solution of 
maximum deusity 1.0609 occurs at 7095 acetic acid, whieh corresponds fairly closely to the mono- 
hydrate, which can be written as the ortho form of acetic acid, CHsC(OH),. 


TABLE Il. Resistivity of Acetic Acid Solutions at 18°C, 











Conon. of ncetie acid, Resistivity, Concn, of acetic auid, Resistivity, 

grams/100 grains soln. ohm-em. grams/100 grams soln, olim-um, 
10 654 30 714 
15 616 40 925 
20 022.5 50 1351 


25 658 





58 ACETIC ACID 


TABLE IV. Vapor Pressures at Various Temperatures. 























Temp., | Yet ist ` | Temp., γι ΟΝ Temp. °C. v apor presure, 
0 3.5 i 60 88.3 | 110 582.0 
10 6. | 70 | 137.0 | 120 794.0 
20 1L.8 80 | 202.3 | 130 1067.0 
30 20.1 | ϱ0 202.7 140 1404.0 
40 34.2 | 100 417.0 150 1847.0 
50 56. 3 ] 
TABLE V. Liquid-Vapor E quilibria. of Acetic Acid- Water Solution^ at 760 mm. 
e eie avid, mole per ee. inta | d EV etie acid, mole per "n 
Temp., °C. |-----------------᾽---------------π----- Temp., °C. 
| Liquid Vapor 
100 60.0 47.0 105.8 
5.0 a. 100.3 | 70.0 57.5 107.5 
10.0 7.0 100.6 | 80.0 60.3 110.1 
20.0 13.6 101.: | 90.0 83.3 118.8 
30.0 20.5 102.1 | 05.0 89.0 115.4 
40.0 28.4 103.2 | 100.0 100.0 118.1 
50.0 37.4 11. | 








Source: Perry, 2nd ed., 1941, p. 1360. 
@ Sea also T'igüre L 
t Based on formula weights of CHO; and. H30. 
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Fig. l. Vapor-liquid compositions, acetic acid-water. 


The pure acid is miscible in all proportions with water and the usual organic 
solvents, and it is a good solvent for many resins, essential oils, fixed oils, ete. With 
water-insoluble liquids such as ethers and esters, the partition coefficient of acetic 
acid is usually in favor of the water-insoluble phase (this may be at least partly ex- 
plained in terms of chemical reaction, for ethers and esters have an oxygen atom that 
can act as an electron-pair donor, and (hus are bases in the Lewis sense (see Acid- 
base systems)). This fact is made use of in extraction processes for recovering and 
reconcentrating aqueous solutions of the acid. 
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Acetic acid is a moderately weak monobasic acid, Ky = 1.75 X 10-5, and forms 
salts with most metals (see Caleium compounds; Sodium compounds; ete). Some 
metals, such as lead, form basic acetates. The so-called acid salts of acetic acid are 
actually acetates solvated with one or more molecules of acetic acid, sueh as Na- 
CeH,02.HC.H302. In inorganic chemistry the abbreviation Ac is often used for the 
acctate ion, CoHsO2 or CHsCOO- whereas organic chemists use the same symbol 
for the acetyl radical, CH;CO-. 

Mixtures of acctie acid and water are in general highly corrosive. The action 
on aluminum and stainless steels (see “Materials of construction,” page 71) is 
particularly interesting both from the standpoint of materials of construction and 
of the use of these metals in cooking utensils. Tests have shown that the solubility 
of both of these metals iu ordinary cooking juices (which may contain small amounts 
of acetic acid) is very slight (see also Aluminum). , 

The pure acid is a very poor conductor of electricity, but, upon the addition of a 
small quantity of sulfuric acid, the current will pass and the acetic acid is decum- 
posed forming carbon monoxide, carbon dioxide, aud oxygen. Electrolysis of aque- 
ous solutions of acetates produces ethane, carbon dioxide, and ethylene at the anode, 

' Acetie acid burns with a blue flame producing carbon dioxide and water vapor. 
Hot concentrated sulfuric acid carhonizes the acid, giving also carbon dioxide and 
sulfur dioxide. Chlorine, in the presence of sunlight, forms chloroacetic acids (see 
“Derivatives,” page 74). At high temperatures, iu the presence of a catalyst, the 
acid forms acetic anhydride in yields over 90%. Combination takes place with 
acetylene in the presence of a mercury catalyst forming ethylidene diacetate, u 
possible intermediate in the manufacture of acetic anhydride (q.v.). Under other 
conditions vinyl acetate is formed (see Vinyl compounds). Treatment with benzoyl 
chloride produces acetyl chloride in 85% yield. Treatment of the acid with ammonia 
under controlled conditions yields acetamide (y.v.). 


Manufacture 


The numerous methods of manufacturing ücetie acid may be divided into four 
groups: ormentation of aleohol, (2) wood distillation, (3) synthetic met 5 
groups: (1) fermentatiou of aleohol, (2 d distillation, (3) synthetic methods, 
and (4) miscellaneous methods. 


FERMENTATION OF ALCOHOL 


In this process acetic acid is obtamed by baueterial oxidation of ethyl alcohol. 
Numerous species of bacteria, of the genus Acetobacter, will accomplish this oxida- 
Won; those most important commercially are A. schuesenbachii, A, curvum, υπ A. 
orleanse. It is believed that the oxidation of ethyl alcohol takes place vin neetalde- 
hyde, and that the same enzyme brings about both of these steps, although the exact 
mechanism is not known (see Enzymes; Fermentation). The term “vinegar” usually 
refers to tho product of this fermentation, although in the acetic acid industry the 
term is used for any dilute aeetie acid solution. "Two commercial methods are now 
used to produce vinegar for food use, the Orleans process (see Vinegar) and the 
quick vinegar process: only the latter is commercially applicable for maunfacture 
of acetic acid. , 

In the quiek vinegar process the alcohol is usually obtaimed by fermentation of 
blaekstrap molasses (see Alcohol, industrial). The wort is usually distilled, salts 
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(phosphates and ammonium salts) are added for nowishment of the bacteria, and the 
“miy” is diluted with water to the desired strength, which must not exceed 12% by 
volume or the bacteria will be killed. The generators are wooden tanks, 10-12 ft. in 
diameter and 15-20 ti. high. A false bottom is supported approximately 3 ft. from 
the bottom of the tank and a suitable packing is distributed for a depth of 8-15 ft. 
A rotating sparger (sprayer) located about Eft. above the packing ts supported (rom 
the wooden generator cover, and it is used to distribute liquor uniformly over the 
packing. Air, l'or the aleohol oxidation, is admitted to the generator below the false 
bottom, cither by forced draft or by natural circulation owing to the heat of oxida- 
tion in the packing. Forced circulation by means of a blower assures a controlled 
supply of aiv that ean be maintained at optimum conditions, and also permits filter- 
ing the air; this minimizes the entrance into the generators of flies aud other organ- 
isms, About 200% of the theoretical air is usedl. Ln essenee the generator is a coun- 
tercurrent gas absorber wherein the aeetie bacteria cause the oxidation. The liquid, 
draining off the packing, collects in the base of the generator, where either internal or 
external coolers are used to remove the heat of oxidation. 

Control of the temperature within the generator is extremely Important, and is 
the subject of numerous patents. The optimum temperature is 29°C. at the top and 
35? at the bottom. Good distribution of both air anc liquor is also very important. 
The best type of packing has been found to he specially prepared beeehwood shay- 
ings. These were formerly imported from Germany or Czechoslovakia; they have a 
very long life—30 years or more. Cleanliness is of prime importance, for the gener- 
ators provide an excellent breeding place for flies and other vermin; this ean reduce 
yields aud capacities to a very marked degree, especially in natural circulation sys- 
tems. After the acidity (calculated as acetic acid) reaches 8% the rate of oxidation 
slows down, aud it ceases altogether at 12-14%. 

When new generators are started, they are steamed out for about 24 hours to 
kill any organisms present and then allowed to cool. Fresh vinegar is fed into the 
base and recirculated over the packing for 24-48 hours to saturate it. Small quanti- 
ties of the alcoholic raw material are then fed in from time to tine to build up a 
vigorous growth of bacteria on the surfaces of the packing. This operation consumes 
from 15 to 20 days. At this point the procedure of operation varios, there being three 
standard practices. 

In the first method several generators are placed in series. In the first generator 
a feed containing three volumes of vinegar to two volumes of aleohol is fed through 
the sparger at a predetermined optimum rate; meanwhile a given quantity of vinc- 
gar liquor within the generator is continuously recireulated. Overflow from the 
first, generator acts as food for a second generator, Overflow from the second feeds 
the third, aud so on for four stages. Proponents of this system claim more ease of 
control aud reduction of evaporation losses. A second method consists of eontin- 
uously feeding alcohol solution into the reeireulation line and continuously with- 
drawing the overflow froin the generator. ‘This system is applicable to any number 
of generator bodies, is operative regardless of the condition of other generators in the 
plant, and maintains evaporation losses at a minimum. A third method consists of 
starting with a mixture of about one-quarter to one-third vinegar and the rest 
aleohol solution, and continuously recireulating the liquor until the alcohol is 
oxidized. This system is employed in plants of small capacity where investment in 
plant is small aud chemical control is very limited. Evaporation losses are higher 
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than in the other tivo systems, and rate of oxidation is lower. Some plants praetiec 
recovery of the alcohol and acetic acid iu the exit gases leaving the generators by 
absorption in a packed or spray tower or by adsorption on activated carbon. 

The yield may vary from 75 to 90% conversion of alcohol to acid, giving 0.42 to 
0.51 Ib. of acid per lb. of reducing sugar in the molasses, whieh correspouds to about 
0.36 to 0.44 gal. of molasses per lb. of acetic acid. The higher yields are usually 
obtained in the larger plants equipped with moderna controls, The espacity may be 
of the order of 0.15 1b. of acetic acid per cu.ft. of packing per day, although elaims ax 
high as 0.3 Ib. have been made, 

Production of acetic acid by the fermentation of alcohol is practical up to a 
mpucity of about ten tous per day. Above this capacity catalytic oxidation has 
proved more economical. 


DESTRUCTIVE DISTILLATION OF WOOD 


Pyroligneous acid, the aqueous solution obtained From the destructive distilla- 
tion of hardwood, contains 5-6% aectic acid, 2.8% methanol, 2% tars, 2% wood oils, 
and a host of other compounds (see Wood distillation). Acetic acid is separated from 
the pyroligneous acid eitlier as ii metallic salt or by one of several direct processes. 

Metallic Salt (see “Calcium acetate” under Caledon compounds), Crude pyro- 
ligneous acid is allowed to settle 24-48 hours to remove suspended tars. The settled 
liquor is then distilled in simple copper primary stills to remove the bulk of the 
soluble tars. The distillate is treated with lime (sometimes soda ash is used), the 
neutralized solution is partially distilled to recover methanol, and the residue is 
evaporated to dryness. Distillation of the salt with strong sulfuric acicl followed by 
subsequent rectification produces glacial-strength acid and weaker fractions. For 
very pure acid, the rectified acid must be treated under reflux with au oxidizing 
agent (permanganate or dichromate), which removes the empyreumatic substances. 
Subsequent distillation yields water-white acid of 99.5% strength. This system 
requires as raw materials lime and sulfurie acid equivalent to the acetic aeid pro- 
duced; it has been superseded by direct-recovery systems, 

Direct Recovery. Any process for the direct recovery of acetic acid from pyro- 
ligneous acid must (a) accomplish the removal of the many other organie substanees 
present and (b) economically coucentrate a dilute aeetic acid solution. Concentra- 
tion of the acid by straight rectification is iupractical because, as is shown in Figure 
1, the vapor composition is never very greatly different from the liquid composition, 
and the curve even becomes concave as it approaches low concentrations of acid: 
thus 2 very long distilling eolumn with à heavy reflux would be required to remove 
the acetic acid from the dilute solutions. "Three distinet processes have been de- 
veloped: in the Suida process a reflux of wood oil into the distilling columu carries 
the acetic acid out at the bottom; the Brewster system and modifications thereof 
use extraction with water-immiseible volatile solvents in the eold; the Othiner 
system uses an “entraining agent” that curries the water out at the top of the column 
as an azeotropie mixture (sce "Azeotropy" under Distllation). "These methods are 
subordinate in commercial importance to the syuthetic methods, but they are good 
illustrations of solutions that have been developed for the problems in chemical 
engincering. | 

In the Suida system (Fig. 2) raw pyroligneous acid is settled to remove insoluble 
tars and then distilled in primary ‘coppers’ to remove soluble tars. ‘The vapor from. 
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(he primaries (7-895 acelie acid) is fed into the Sth plate of a 28-plate column. 
The column reflux consists of 4% methanol from the dephlegmator plus 4 mixture of 
wood oils obtained by vaeuum distillation of the settled tar. The descending wood 
oil reflux (10-15 lb. oil per Ib. acid) scrubs the primary vapors essentially free of 
acetic acid (0.8-0.4%) and carries (hem into the reboiler, while it allows a weak 
methanol lo distill off the top. The wood oil-acetie acid mixture is then fed to a 7- 
plate exhausting colunm, operating wuder vacuum, which recovers the oil at the base 
for re-use. The vapors from the exhauster are fed into the base of a 29-plate rectify- 
ing column fitted with its own reboiler and equipped with large condensers to handle 










Partrat 
condenser 








Ta methanol 


recovery Scrubbing 


oil storage 





Steam 


Vacuum 
columns 








Waste gas 











el pump 


Scrubbing 
column 





Weak acir 
Scrubber 





















Pyroligneous Acetic acid 


\quor 


6-775 acetic acid To storage 




















Scrubbing i 
oil 





Vacuum receiyers 


Soluble tar 


Fig. 2. Suida process. 


a heavy reflux. The acid reaches its maximum concentration on the 12th plate 
(90--95%) and is withdrawn as a liquid and discharged to vacuum receivers. The 
small amount of condensate from the top of the rectifier contains 15% acetic acid; 
this is returned to the primary still for reworking, The final acid is’ clear but has a 
yellow tinge, and is about 90-95% in strength. The Suida system was one of the 
first developed for direct acetic acid production. It requires relatively expensive 
equipment and docs not produce anhydrous acid. It has been used in Europe and in 
two plants in the United States. 

Figure 3 illustrates the Conhran-modifiedl Brewster system. The raw settled 
pyroligneous acid is given a simple primary distillation to free it of soluble bigh- 
boiling tars and to remove methauol. It is then cooled and fed to a mechanical 
extractor where the dilute acid flows countercurrent to an ascending stream of sol- 
vent (usually ethyl or isopropyl ether, 26-27 15. ρον 12. οἱ acid). Here approximately 
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98% of the acid is extracted. The extracted water layor is freed of the majority of 
its dissolved ether by a stripping column and the bottoms are run to waste. The 
extract layer goes to an ether column where the main Jody of ether is recovered by 
rectification for re-use. The bottoms from this column is a 70% dark crude acid 
containing acid, wood oils, tar, and water. The crude seid may be refined by using 
sodium dichromate as an oxidizing agent aud is then concentrated by distillation 
either in a batch or continuous operation. Often the acid is double-distilled to yield 
a glacial acid. In this process a large percentage of the acid has to be sold as dilute 
fractions. A number of small plants formerly wsed this process: a few larger plants 
still use it, or a modification in which the solvent is ethyl acetate. 
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Fig. 3. Coahran-modified Brewster process. 


In the Othmer system (Vig. 4) the settled liquor is fed, as à preheated liquid, into 
a "demethanolizing" column, where wood aleohol and other low-boiling impurities 
are removed from the top, 2 mixture of immiscible wood oils is withdrawn from the 
center, and an approximately 7-8% acetie acid solution is withdrawn from the base 
(7,8). The weak acid liquor is fed into a pre-evaporator, which supplies a vapor feed 
to the azeotropic column. A small amount of sulfuric acid is present in the pre- 
evaporator, and tars that have not been completely removed in the initial distillation 
together with new tars formed by polymerization, due to the catalytic action of this 
acid, are further removed as a liquid drawolf from the conical base of the pre- 
evaporator. The vapor fed into the azeotropic column is washed by the reflux of 
“entraining”’ or withdrawing agent (usually butyl acetate), which forms an azeo- 
tropic system with the water and the acetic acid. The constant-boiling mixture, 
which distills over the top, contains 0.01% acetic acid. On condensation it separates 
into two phases; good separation of the phases is accomplished coutinuously at 
160-170?F. in a deeanter designed for thirty-minute holdup. The upper layer of 
entrainer, containing only a small quantity of water, is fed continuously back to the 
top plate of the azeotropie column as reflux wash. The water layer, containing s 
very small percentage of entrainer, is fed to a small stripping column heated with 
live steam, The small quantity of entrainer again forms the constant-boiling mix- 
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ture, which distills and is recovered in the main condenser, The effluent from the 
base of the stripper contains 0.01% acetic acid and is run to waste. 

The acetie acid in the vapor feed is rectified to strong acid in the lower section 
of the azeotropic column (4). Since this acid contains a small amount of tars, it is 
fed to the middle of a refining column from which white acid, 00.595 or better, is 
distilled from the top, and tar withdrawn from the bottom, For pure acid another 
distillation step is carried out to separate the small traces of propionic and butyric 
acids. On standing for 24 hours the refined acid acquires à yellow tint from the 
presence of traces of diacetyl (biacetyl), CH,COCOCHs;. This color is removed by 
the addition of strong hydrogen peroxide, which reacts with the diacetyl to form 
two molecules of acctic acid. A minimum of equipment is required for the Othmer 
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Fig. 4. Othmer process. 


process, whieh may therefore be installed and operated economically in relatively 
sniall plants. 


SYNTHETIC METHODS 


"The major part. of. the. world's production of acetic acid is made by oxidizing 
acetaldehyde (g.v.), which is obtained, usually at the same plant, either from 
acetylene or from ethyl aleohol. 

In the manufacture of acetaldehyde from acetylene, high-purity acetylene 
(99.5-99.7%) is continuously bubbled through a suspension of mercuric sulfate in 18- 
25% sulfuric acid. The reaction is carried out in a Duriron chamber at a pressure of 
18 p.si. Considerable heat is evolved in the reaction CxH, + EO — CH4CHO, 
and the optimum temperature of 70-80°C. is maintained by careful addition of 
catalyst and careful control of cold-water feed to the cooling coils in the chamber. 
Side reactions tend to reduce the effectiveness of the catalyst, and it is therefore re- 
placed about every 8 to 12 hours. (Spent catalyst is reworked.) The yield on this 
conversion 18 95%. The acetaldehyde together with a small quantity of unreacted 
acetylene (about 4%) is thoroughly scrubbed by brine-chilled water. The unreaeted 
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acetylene is sent back for reworking and the acetaldehyde solution (20%) is heated 
and fed into a rectifying tower where it is brought to 99.9% purity. 

In the U.S. the process: ethyl aleohol > acetaldehyde — acetic acid, is used 
on a large scale. Figure 6 illustrates both stages of the process. 1090-proof aleohol 
ig vaporized and mixed with air and then passed through a eatalyst chamber. The 
entering pressure of the mixture is about 25 p.s.i., which is sufficient to overcome the 
pressure drop through the catalyst and also to overcome frietional resistanees of 
subsequent processing operations. ‘The catalyst consists of numerous silver sereens 
set within the chamber in the path of the vapor-air mixture. An operating teniper- 
ature of 875-900°F. is maintained by proper control equipment. This initial phase 
of the oxidation (actually a dehydrogenation) is exothermic and allowances are made 
for this in the equipment design. Conversions of 25-35% are obtained. per. pass 
depending npon the cleanness of the screens. Under these conditions 1.9 to 2.0 moles 
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Fig. 5. Acetic acid from ethyl alcohol. 


of air is used per mole of alcohol converted to the aldehyde and overall yields of 95% 
are realized, The losses are due to side reactions that produce small quantities of 
methane, acetylene, and earbon monoxide and dioxide. The exhaust gases from the 
catalyst chamber are fed to a condensing and scrubbing system where the aectalde- 
hyde and unreacted alcohol are absorbed in water. Refrigerated water is used for 
this purpose to minimize the losses of acetaldehyde in the waste gases. These gases 
consist chiefly of nitrogen (about 86%), hydrogen (ahout 14%), and traces to 0.2% 
of carbon monoxide, carbon dioxide, acetylene, and methane; these are normally 
vented to the atmosphere through flame arresters. The liquid drawoff from the 
serubber consists of the ternary mixture acetaldehyde, ethyl alcohol, and water. 
The ternary is fed to a flash column where aldehyde and alcohol are recovered as 
overhead; water cooling is utilized in the dephlegmator. The overlieads together 
with the ternary from condensers feed the acetaldehyde cohunn. Here high-purity 
aldehyde containing traces of aleohol is recovered in ammonia-refrigerated con- 
densers as overhead, and the bottoms are withdrawn as feed for the alcohol rectifying 
column where 190-proof alcohol is recovered for reworking. The water drawoff 
from the rectifier is sent to the acid scrubber. 
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The oxidation of acetaldehyde to acetic acid was originally a batch process, 
carried out in aluminum-clad steel tanks of about 1000-gal. capacity and equipped 
with cooling coils for temperature control. Manganese or cobalt acetate, about 0.1 
to 0.2% of the weight of the aldehyde, is aclded, either as 200-mesh powder or in 
acetic acid solution, as a catalyst for the safe’ decomposition of peracetic acid, CHs- 
CO(Os)H, whichis formed during the reaction and is very explosive. Airisintroduccd , 
ab a pressure of 65 p.si. The temperature rises gradually to 65°C., where it is 
maintained, and the air pressure is increased to 75 p.s.i. In 8-12 hours the reaction 
is complete and acid of about 94-95% strength is withdrawn and fed to concentrating 
stills. The nitrogen released from the process is scrubbed to recover acetaldehyde 
and small quantities of acid. The overall yield approximates 90-95%. 

In modern installations. the oxidation of acetaldehyde is a continuous process 
(ig. 8). In normal practice cobalt acetate dissolved in acetic acid is used as the 
catalyst. Approximately 4.0 to 4.3 moles of air is introduced for each mole of 
aldehyde converted to acid. (Oxygen may be used instead of air.) Optimum oper- 
ating temperatures are from 160 to 175°. at an inlet pressure of about 15 psi. A 
discharge pressure of 5 p.s.i. is maintamed to overcome the back pressure in the 
condensing and serubbing system, where the waste gases are stripped with re- 
frigerated water. The waste gases consist mainly of nitrogen (89-92%), oxygen (7- 
10% or lower), and carbon dioxide (0.6-1.0%). Raw acid from the process is sent to 
a glacial refining system, which uses azeotropic entrainer for removing the water 
(see “Acid concentration,” page 67). Traces of ethyl acetate are formed in the 
process owing to the carry-over of traces of alcohol in the refined acetaldehyde. 
However, with careful operation this impurity ean bo held to less than one-half lb. 
per ton of finished acid. Yields for this stage vary between 95 and 98%, with an 
overall yield of about 8.3 lb. of acid per gal. of 190-proof alcohol. 

The oxidation of acetaldehyde can also be carried out so as to yield a mixture of 
acetic acid and acetic anhydride (qy.0.). The anhydride can also be prepared from 
acetic acid by various processes. 


MISCELLANEOUS METHODS 


The following methods are to be regarded as only examples of the numerous 
processes eovered by hundreds of patents. 

Oxidation of lower hydrocarbons from propane and butane yields acctaldehyde, 
formaldehyde, methanol, acetone, and other products. The acetaldehyde is oxidized 
to acetic acid. Celanese Corporation of America operates this process in Texas. 
A method has been developed for high-speed oxidation (0.1 to 1.0 seconds duration) 
of gasoline without a catalyst at 625-700°F. (14). 

Hydrolysis of wood by 3% sulfuric acid with 0.2 to 0.4% aluminum sulfate (13) 
is claimed ta yield 12-15% acetic acid and 6-8% formic acid, but work by Katzen 
and Othmer (2) indicates yields of only 5%. Recovery of the acid would he expen- 
sive because of the low concentration. 

Ethyl alcohol can be oxidized by air in a solution containing cobalt acetate and 
traces of acetaldehyde as catalyst (12). Oxidation of alcohol with 50-200% excess 
ethylene oxide and air was earried on at 525-650°F. without a catalyst (10). Ace- 
tone has heen oxidized by air at à temperature of 825?F. (11). Methyl ethyl ketone 


ean be oxidized in liquid state at 220°R, by air in the presence of sodium permanga- 
nate as catalyst (9). 
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Treatment of acetylene with methanol in the presence of potassium hydroxide 
at about 15 atmospheres produces methyl vinyl ether, which ean be hydrolyzed in 
dilute sulfurie acid to yield methanol and aeetaldelhyde. Oxidation of the aldehyde 
produces the acid (5). This process, which obviates the necessity for a niereury 
catalyst, was ready for operation in Germany in 1946. 

Acetic acid ean be obtained hy treatment of methanol with carbon monoxide 
over an activated-charcoal catalyst promoted with a metallic oxide (6). 

Improvements in the large-scale production of cheap oxygen throw open the 
possibility of producing acetic acid and a number of other organie ehemieals as by- 
products of the Fischer-Tropseh, or “Synthine” process (1,3). This process makes 
motor fuel from coal or natural gas, und also produces oxygenated organie com- 
pounds, including acetic acid, acetaldehycle, acetone, tnd methyl, ethyl, propyl, and 
butyl alcohols, to an extent that varies greatly with the catalyst and the conditions. 
If any important proportion of our imotor-fuel requirements should be produced in 
this way, the amount of by-preduct aeetie acid would be very large in comparison 
with present production, and, if the seid ean be eoneentrated economically from the 
rather dilute solution produced (2-5%) aud separated from numerous other orgiunic¢ 
compounds, the price of acetic acid may be expected to drop significantly, and new 
uses will be songht (sec Fuels, synthelie liquid). : 


ACID CONCENTRATION AND RECOVERY 


The manufacture of cellulose acetate anc other products such as the explosive 
RDX, as well as other processes utilizing acetic acid as a solvent, yield enormous 
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Fig. 6. Concentration of acetic acid, Othmer process. 
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quantities of dilute aeetie acid solutions (about 28%), which eannot he used for 
further acetylation processes. Concentration of the acid by straight rectification is 
impractical, as explained above. Other methods making use of distillation or ex- 
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traction, or both, have been proposed and are in use commercially to reduce eoncen- 
tration costs. A typical process is a development by Othmer (15). This is à eom- 
bination extraction and azeotropie distillation process that materially reduces the 
steam consumption. In this process (Fig. 6) a solvent (/) boiling 102-150°C, 
(usually amyl acetate) is used to extract the acid from its water solution in n me- 
chanical extractor (2). The water layer (3), containing approximately 0.1% acid 
and 0.2% solvent, is fed to a stripping column (4), whieh azeotropically distills 
over the solvent for re-use (9) and discharges the water (4) to waste. The extract 
layer (7), containing approximately 400 Ib. solvent, 28 Ib. acid, and 9 Ib. water, is 
fed to the main azeotropie column (8). On condensation, the ageotrope formed 
separates into (wo layers in a decanter (9). The upper layer is substantially pure 
solvent (approximately 1.5 th. per Ib, water removed) and is returned as reflux (10) 
to the azeotropie column. The lower layer (7/) contains approximately 9 lb. water, 
0.5 Th. acid, and a small amount of solvent, all of which are returned to the extractor 
al the appropriate point (72), where the acid concentrations are similar. The base 
of the azeotropie cohinin discharges strong acid and solvent (16), which feeds the 
rectifier (74), where glacial acid is withdrawn as product (15), and the solvent (10) 
goes back to storage for re-use. By inereasing the number of plates in the azeotropic 
column (8) the acid content in the water layer (77) could be reduced; however, the 
cost of the additional plates is much greater than the cost of additional extraction 
capacity and therefore Ehe azeotropie column ts used essentially as an exhauster. 
Theoretically, 1.36 lb. of steam is required per Ib. of water removed. From 28% 
acid this would amount to 72/28 X 1.36 2 3.5 Ib. steum per Ib. of acid concentrated. 
Tn practice when steam required for heating the feed, radiation losses, cte., are 
considered, the consumption amounts to about 5-6 lb. of steam per lb. of acid, 
depending somewhat on the particular plant. The solvent loss in practice varices 
from 0.002 Ib, per lb. of avid produced to 0.005 Ib. per lb. of acid depending more on 
the earefulness of operation than on any other factor. ' 
The recovered acid totaled 1,006,648,000 Ib. in 1945, 


i 
ANALYSIS 


Depending upon the process of manufacture, acetic acid may contain traces of 
the following impurities: sulfates, sulfites, chlorides, metal acetates, wood tars, 
formie acid, esters, and aldehydes. 

Sulfates, sulfites, and chlorides can be identified, after dilution with water, 
by formation of a precipitate with barium chloride, by decolorization of starch iodide, 
and by formation of a precipitate with silver nitrate, respectively. Wood tars are 
indicated by a brown or black discoloration when solid pure caustic soda is dropped 
into the acid; discoloration of potassium permanganate indicates tars or other re- 
ducing substances. Formic acid is indicated by a darkening on heating with 
ammonium hydroxide and silver nitrate. For esters: add alcoholic hydroxylamine 
hydrochloride and alcoholic potassium hydroxide until alkaline; warm until effer- 
veseenee begins and then cool; acidity with hydrochloric acid and add a drop of 
ferrie chloride solution—a purple color indicates esters, Aldcliydes can be detected 
as the bisulfite addition eompounds, or by addition of 2,4-dinitrophenyllydrazine in 
methanol solution with hydrochlorie acid and then neutralization with methanolic 
potassium hydroxide—a brownish-red color indicates aldehydes. (The tests for 
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esters and aldehydes were developed by D. Davidson and D. Perlman of The College 
of the City of New York.) 

Traees of water are hest determined by the freezing point (see Table I), pro- 
vided, of course, that impurities other than water are not present iu significant 
amounts. Commereial glaeial acetie acid contains more than 90.6975 acid, and at 
this strength the freezing point is a more reliable guide to the concentration than 
titration, Titration with standard alkali, using phenolphthalein, is satisfactory for 
lower strengths; for colored solutions a pH meter should be used. Traces of acetic 
acid ean be detected hy a spot test, based on the formation of a blue-brown color- 
ation in the presence of lanthantm nitrate and iodine. 


Uses and Production 


Acetic acid occupies essentially the same position in the field of organie chem- 
istry as does sulfuric acid in the heavy chemical industry. The principal uses are iu 
the manufacture of cellulose acetate and acetate plasties (see Cellulose derivatives), 
acetie anhydride (q.v.), ester solvents (see Esters, organie), metallic acetates (see 
various metal compounds as, Caleium compounds), white lead {see Pigments), Paris 
grecu (see Insecticides), acetamide (gx), aspirin (see Aectylsalieylic acii, various 
other pharmaceuticals, and artificial vinegars (see Vinegar). 


TABLE VI. Consumption of Acetic Acid Produced in U.S. from Jan. t, 1944 to June 30, 1945. 








Per vent of 








Uses Amount, tb. U.5. eiviliun use 

Direet. military" 28,071, m 

Foreign 536,000 

U.S. civilian 
Plastics aud resins | 175,240,000 33.9 
Acetic anhydride 146,806,000 28.4 
Organie acctales test era)" 116,435,000 22.5 
Textile processing 24,812,000 4.8 
Drugs and pharmaceuticals 7,185,000 ΤΗ 
Metallic acetates (sults) 7,110,000 1.43 
Paints and pigments 3,197,000 0.67 
Rubber chemicals 1,994,000 0.38 
Photography 1,417,000 0.27 
Miscellaneous ind small orders 32,275, ΠΏ 6.23 

Tatal 5 46, 978, 000 





a i md-use data not available. 
» Predominantly solvents, 


Acetic acid is an excellent solvent (g.v) and many commercial organie reactions 
are carried out in the acid when its sole action is that of a solvent medium., Jn addi- 
tion, considerable acid is used for coagulating rubber latex (see Rubber, natural), as 
a shortstop in photography (y.v.), as a gencral acid in the organic chemical industry 
and textile processing, aud as a source of the acetyl group for numerous organic 
derivatives. 

Consumption figures from the U.S. War Production Board. For the period 
January 1, 1944 to June 30, 1945 are typical of normal domestic use (see Table VI). 
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Figure 7 shows the yearly production of acetic acid in the U.S. (calculated as 
100% acid) from 1900 to 1945. Before 1928 acetic acid from all methods, and eal- 
cium acetate caleulated as acetic acid, were reported together, The production ol 
synthetic acetie acid was begun in the U.S. in 1928, but was reported together with 
alcoholic fermentation. 

The inerease in production up to 1014 can be cousidered as normal industrial 
growth, whereas the sharp increase in 1914-17 was due to British demands for 
acetone (obtained from “lime acetate”) for the manufacture of eordite. The rapid 
decline after 1917 was due to two influences. First, the Weiginann process, de- 
veloped during World War J, was in a position to supply the major demand for 
acetone (g.s.). Sceond, the general depression following the war limited demand. 
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Fig, 7. Annual U.S. production as 100% acetic acid (including derivatives). 


Renewed industrial activity after 1921, together with the large demand for acetate 
solvents for automobile laquers during the 20's, brought the demand back to war- 
time levels. Direct recovery from pyroligneous acid was started during this period, 
but the distillation of wood, of which one of the main products is methanol, suffered 
a setback when the synthetic methanol process was introduced from Germany in 
1927. Increased wood costs and difficulties in the marketing of charcoal indicate a 
poor outlook for the wood-distillation industry, whereas acetic acid production by 
other methods is now likely to increase, owing to renewed automobile production 
and increased markets for cellulose acetate products. 

Shipping and Grades. Acetic acid is marketed as 28% solution, redistilled 
46%, and many other strengths up to glacial. [tis shipped in aluminum drums and 
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tank cars, and can also be shipped in barrels and in carboys. It requires a white 
label for express shipments only. Teeh. synthetic glacial acetic acid was quoted at 
$9.90 per 100 Ib. iu May 1047. 


Materials of Construction 


The design, fabrication, and maintenance ef equipment for handling glacial 
acetic acid require much skill. In the presence of air the acid is extremely corrosive; 
Duriron, silver, and tantalum are the only commercial metals that will stand up 
under long-continued nse. Most distilling columns used in aectiv manufseture and 
acetic recovery are copper, and very heavy sheets are needed for both the shell see- 
tions and plates. The bubble caps are usually cast aluminum bronze. In those in- 
stances where butyric acid accompanies acetic acid, No. 316 or other stainless steel 
columns and caps are usec. Van Stone-type flauge couneetions are the most satis- 
factory, and threaded joimts of any kind should be entirely avoided. Flanges for 
large sections should be carried to the Full width of the backing flange, must be 
absolutely flat, and the surface must be polished. Blue asbestos three-ply tape is 
the best. gasket material for boiling acid, either dilute or concentrated, Bolting 
pressures for the gaskets should be very high. All seams should be carefully cleaned 
and silver-brazed with an alloy of high silver content. Metalworking should he 
kept to a minimum to reduce localized corrosion. Since most equipment for han- 
cling this acid is custom-built, it should be fabricated hy experts who have had 
previous experience in this field. Packing glands on moving shafts and valve stems 
must be inspected frequently, not only to reduce losses but to reduce further corro- 
sion, which is inevitable if these precautions are not taken. 

Aluminum offers certain advantages in some forms of equipment, since the 
solution of very minute quantities of the metal does not cause dixcoloration of the 
acid. The rate of corrosion of aluminum by acetic acid shows a maximum in com- 
paratively dilute solution (Table VID). 


TABLE VII. Aluminum Corrosion by Acetic Acid in Various Concentrations. 





Concentrution, per cent Corrosion of aluminwin, 








acetic acid "jl per year 
UP --υ-υ--ἷ-ι,,,, 0.58 
0.5... eeu ος ο ον ame s 2.4 
1 ροο νο ον νο ο ον εν νε νο νερο εν ερ εν ων εν νο των 16.0 
8.0... ce ns 10.6 
10.0,......ss sese rms 6.6 





The behavior illustrated in Tahle VII may be explained, at least iu part, in 
terms of the hydrolysis of the trivalent aluminum ion. The dissolution of aluminum 
in acid solutions may be represented as a reaction between aluminum and the 
hydronium ion, H30* (the hydrated hydrogen atom H+). The wluminun iou formed 
is hydrated: 

Al +3 H,0+ 4-3 IIO z——— AI(H,O)^ -- 07; H3 





The ion AI(H30)?* may then react: with water thus: 


ΑΠΟ + HO === H.O* + [AIUH.0),0H]2* 
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Successive reactions of the same type lead to. [AI(ESO)4(OH)g] * and. [AL(HaO)s- 
(OHHO. There is thus a succession of hydrolyses, which of course are all 
favored hy the presence of much water (dilute solutions), leading to hydrated alum- 
inum hydroxide as the end product. On the other hand, in more concentrated solu- 
tions, whieh provide more hydronium ion, H30*, the equilibria are all displaced in 
the opposite sense, leading to Al(H20);* as the end produet. An increase in the con- 
centration of AILO)" reduces corrosion, for, according to the Nernst theory of 






--ϱ) (multiply by 10) 


(4) (multiply by 10)... 







CORROSION RATE, mils per year 


(8) (multiply by 10). 
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Fig. 8. Corrosion of aluminum and 18-3 stainless steel in aqueous acetic acid: 


(1) Aluminum-—G0 day test at room temp.; (2) Aluminum—2 day test at 122?P.; (8) 
Aluminum—100 hour test at boiling point; (4) 18-8 containing over 0.2% carbon—test at boiling 
point; (5) 18-8 containing 0.12% earhon—test. at boiling point; (6) 18-8 containing less than 0.0697 
carhon~~test at boiling point. 


solution potentials, as the ion concentration of a metal in solution increases, the 
solution potential of that metal becomes less negative. The presence of | AL(H30);- 
(OH); xH3O also reduces corrosion, for it is deposited as a protective film on the 
metal. 'l'hus both end products of the hydrolysis succession reduce corrosion, but 
there will be an intermediate conceutration of arid at which corrosion is a maximum. 

As the concentration of acid is further increased, more complex changes oecur 
in the rate of corrosion. Figure 8 shows the rate of corrosion of commercial alum- 
inum at various temperatures in concentrations of acetic acid up to 100%. 

Stainless steels are effective because of the resistant surface oxide that they 
build up. The formation of this film has been shown to be a function of time. As 
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passive metal is exposed to acid, the oxide fili is dissolved slowly, but ata rate 
faster than it ean be formed in solution. When the metal is again exposed to. air, 
oxide builds np rapidly. The film probably approaches asymptotically a definite 
thiekuess with time. Figure 8 shows the effect of boiliug acid oii 18-8 stainless steels 
of three different carbon contents. The addition of molybdenum to. iow-earbon 
stainless stecls very materially reduces corrosion. 

High-silicon irons (14.50, Si, 0.750% Mn 0.0% max. C) are resistunt to ucetie 
acid under all conditions of temperature, concentration, or degree of aeration, pro- 
viding, of course, the castings are sound and without slag or carbon inelusions. 
Unfortunately this type of alloy is limited in its use beeause of fabrication diffieul- 
ties. Tt must be east and ean be machined only by grinding. Tt is quite brittle and 
is subject to rupture by thermal shock. Connections to. Duriron equipment must. 
be true and flanges must be fully gasketed and eventy drawn np, or broken fanges 
will result. In spite of ifs limitations, the alloy finds wide use im the form of cocks, 
pumps, and reaction kettles, 

Copper is used £o a great extent when air ean be excluded (as in continaus proc- 
esses). Corrosion is then at à minimum and all coneentrations of acid may De satis- 
faetorily handled at the boiling point. Copper offers advantages over the other 
metals aid alloys that may be used, because of its ease of fabrieatiou and low price. 
In some planta, arrangements are nude to fill the distillation equipment with zu 
inert gas in ease of a shutdown. 

Silver is not attacked by boiling glacial acid even in the presenee of air and, 
therefore, is almost universally used for condensers for glacial acid. "To. reduce 
equipment costs, silver is usually used in the form of a liner, whieh is either fübri- 
ated to shape or “shrink-fitted.” This latter method is often resorted to for high- 
pressure work or when ligh heat-lransfer rates ave required, 

Hastelloy (see. Niehel alloys) is resistunt to the corrosive effects of boiling pure 
acid, but ils eost generally Hmils its use to applications in whieh the acid is used in 
the presence of more corrosive agents such as chlorine or sulfurie acid. Generally, 
B and C alloys are most suitable. 


TABLE VII. Corrosion Resistance of Alloys to Acetic Acid. 


Alloy Penetration per year, mils 





18-8 Cr-Ni dow-earhoni. ee ee ee 0.005 
2475 Cr (Gow-earbun). l.i ee ee ee 770 
BOC Cr Cow-curhom).. 0... eee eee ee tee L LBO 
18@0 Cr-S"G NieMo.. 0000 ee eee reves, 0.0057 
240%, Cr-120), NIEMO. cc eee 0.048 
805. (δ! ΝΕΈΓΛΟν.νννννννννν νιν os e es 0.0014 
Τλρυχγηθ Ἑνωνννο ων ων ον κ ον ον νο ος ενω ο ον νο ον ων ον κ νο ο ον 0.02 
ας 1 cee cee ΕΕΒΕ 0.08 
Hastelloy Coo eee a etna 0.15 
Ilium Αν ρωνν νο νο νο ο νο νο ον ων e aea 0.06 
Piouger metal... csse osse re 0.30 
Durimet Too atas 0.10 
Aluminum 2:3.,........ os lesse re 5.30 
Pfaudlerware No. 42, ---- ce 0,041 


Pfaudlerware No. b2 PRL... oe Rees 20. 0.083 
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Nickel and Monel metal are suitable ouly for low-temperature unaerated solu- 
tions. Ad elevated temperatures in the presence of air, their use is greatly restricted, 

Porcelain and stoneware ure both very resistant at all strengths and operating 
temperatures. Difficulty of fabrication ane low resistance to thermal and meehan- 
ical shock limit the utility of ceramic materials. 

Extensive tests op numerous alloys show corrosion resistance to boiling glacial 
acid (see Table VIII). 

The materials of construction listed in Table 1X are recommended for various 
applications under the conditions usually met. The first material listed, wood, is the 
most desirable from the standpoint of long life and minimum maintenance, although 
it is not necessarily the cheapest. 


TABLE IX. Materials of Construction for Acetic Acid Equipment. 








Yquipment uL. Torx uou | Farstrung seid, substantially 
: Contaiting air ly free of air free of air (hot or eld) 
Tanks Wood Wood Aluminum, stainless steel 
Piping Slainless steel Nos. 430 | Everdur, Herewoy, cop- | Stainless stecl No. 316, 
and 316, Everdur, Her- | per, glass aluminum, glass, eop- 
euloy, copper, glass, per 
ceramic wire 
Valves Worthite, Duriren, stain- | Duriron, Everdur, alum- | Worthite, Duriron, stain- 


Heat exchangers 





No. 
aluminum bronze, 
làverdur 

Mainless steel No, 430, 
verdur, Hereuloy, 
glass 


less μἰοοὶ 


316, 





intun bronze 


Vverdur, eopper, glass 








steel No. 810, 
aluminum bronze, alu- 
minum 


less 


Aluminum, stainless steel 
No. 816, Everdur, 
gliuss, copper 


Pumps Worthite, Durirou, Has- | Worthite, Duriron, stain- | Worthite, Duriron, stain- 
telloy B. and. Ç, stain- Jess steel, aluminum less steet (low-carbon, 
less steel (low-carbon, bronze, Iverdur high-molybdenum, 

», 7 D Y, 
molybdenum), alumi- bronze aluminum bronze 
num bronze, lverdur, 

Herculoy 
Stills Copper Copper, stainless steel 
No. 316, aluminum 
Reaction vessels Duriron, stainless steel, 
aluminum, ceramic 
ware 
Condensers Pure silver, glass 
Derivatives 


The derivatives of acetic acid described here are those in which halogen is sul- 
stituted for hydrogen. Tor metal acetates see sich headings as Caleium compounds; 
Sodium compounds; for esters see sters, organie. See also Acctantide; Acctanilide; 
Acetic anhydride; Acetyl chloride. 

Chloroacetie acid (chloracetic acid, monochlor(o)acetic acid, chloroethanvic 
acid), CHsCICOOH, formula weight 04.50, is sold eommereially as white deliques- 
The compound was prepared in 1857 by Hoffmann, by the direct 
Since that time many other catalysts have 


cont crystals, 


chlorination of acetic acid in sunlight. 
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been suggested, for example, iodine, red phosphorus, sulfur, and sulfuryl ehloride. 
Methods of preparation from trichloroethylene, chloroacetylene, and glycerol 
dichlorohydrin have been reported and some patented, but to date the only process 
used commercially in the United States is the direct chlorination of acetic acicl. 

Physical and Chemical Properties. While the acid commercially available las 
melting point of 60°C, or higher, chloroacetie acid actually forms three aud possibly 
a fourth crystalline modification. The melting points of the reported modifications 
are: a, 62.53?C. (17); B, 56.3? (23); y, 50.2° (20); 8 (9), 43.75? (21). The 
first three have been reported as monoelinie prisms, but no crystal form hax been 
reported for the fourth. The boiling points at various pressures are shown in Table 
X. The density, dg, ix 1.308.  Azeotropie systems are formed with a number of 
organie compounds (18a). The acid is very soluble in water, absorbing heat equiva- 
lent to 3342 cal. per mole of acid dissolved. The solubility tt @rams per 100 grams 
of solution at various temperatures iss 71.0 at 0?C.: 70.0 at 10?; 80.8 at 20?; SAR 
at 30°; 90.5 at 40°: and 05 at 507. "Phese dita ure for the æ form (21). The d and 
y forms are approximately 2 and 6 parts per 100 more soluble, respectively. "Phe 
acid is also very soluble in aleohol, ether, and acetone. Tt is a strong vestesnt aud 
rapidly attacks the skin. 


TABLE X. Boiling Points of Chloroacetic Acid at Various Pressures. 





F 











Pressure, mm. Bap, PC I Pressure, inm. i 
760 189.35 i 50 
300 LGU it 20 
100 | 132 | 10 





Chloroacetic acid is very reactive. In aqueous solutions of either the acid or its 
sodium salt, the chlorine is very readily replaced. Dawson, Pyeock, sid Smitli (18) 
report the velocity constants for the reaction of a large number of anions with the 
ehloroacetate ion: of those listed, the reaction with the hydroxyl ion, forming 
glycolic acid, CH,OH.COOH, is by far the most rapid. Solutions o£ ehloroaeetie 
acid are hydrolyzed in boiling water rather slowly, but the reaction is greatly acceler- 
ated by ueutralizing the acid, and still more by making the solution alkaline (162), 
Highly alkaline mediums, however, tend to form diglycolie acid, O(CH.COGOET),. 
When replacement of the ehlorine atom Dy other groups is desired, excessive alka- 
linity should be avoided, since the hydroxyl ion leads to an undesirable side reaction. 
Fortunately, there are some radicals that react eyen more readily, so that it is 
possible, for example, to replace the ehlorine atom with the eyanide group by treat- 
ment with sodium cyanide (giving yields above 00%). The chlorine ts also readily 
replaced by the amino group by treatment with aqueous ammonia, and by the 
mercapto group by treatment with potassium hydrosulfide. In fact, the chlorine 
group is readily replaced by alinost any aniou if conditions favorable for the forma- 
tion of alkali chloride or ammonium chloride are set up. Substitution of ehlorine in 
acetic acid makes it a much stronger acid (K, = 1.4 X 107., Chloroaeetie acid is 
sufficiently strong to have been used as an esterificntion catalyst. Jt forms erystal- 
line salts with a large number of metals, some of which form double salts with 
chloroacetic acid and hydrates. The acid also readily fornis esters; the methyl and 
ethyl esters are both widely used as chemical intermediates, lu alkaline solution, 
chloroacetie acid reacts with phenols te form the corresponding aryloxyacctic acids. 
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These have been used as derivatives for the identification of the phenols sinee the 
products are solids and ean further be characterized: by their neutral equivalents 
(49). Like other organic acids, chloroacetic acid is converted into the acd ehloride 
(CHLCICOCI) by the action of sueh agents as phosphorus oxychloride and phos- 
phorus itichloride, Chloroacetyl chloride also las considerable use as an inter- 
mediate. Treatment of the acid with phosphorus pentoxide gives ehloroucetie 
anhydride, Further chlorination of chloroacetic acid gives both dichloro- anid tri- 
ehloroacetie acids. 

Manufacture, Chloronectic acid is manufactured cominereially by the ehlorin- 
ation of acetic acid with a catalyst. The chlorination takes place in the liquid phase, 
and ean be batchwise or continuous. Chlorination is continued until approximately 
the theoretical amount of chlorine is added. The hydrogen cliloride liberated is 
absorbed in acid scrubbers. The chlorination mixture is then purified by erystalliza- 
tion and packaged; when a particularly good produet is required, it is advisable to 
crystallize From carbon tetrachloride, Packages are either special wax-lined fiber 
drums or wood barrels. A small amount of dichloroacetic acid is formed in. (he 
ehlorination and is removed with the mother liquor. This mother liquor, n mixture 
of acetic, chloroacetic, and dichloroacetic acids, is customarily converted to iri- 
chloroacetic acid by further chlorination, Al equipment for handling chlovoacelic 
acid must be highly acid-resistant, especially if there is possibility of contact with 
moisture in the air, since the acid is deliquescent and the aqueous solutions are very 
corrosive to common metals. Data are available on the German method of prodac- 
tion from trichloroethylene by hydrolysis with 74% sulfuric acid (22). "hey show 
that this process is almost as ceonomical as clilorination of acetic seid, 

The quoted price of monoehloroacetic acid, ag of Mareh 1047, was 17¢ per Db. 

Uses. The reactivity of the clJorine atom of ehloroscetic acid las led to in- 
creasing use of this compound as an intermediate iu the preparation of a wide 
variety of compounds, | It was first made as à necessary raw material for the syn- 
thesis of indigo ancl other related dyes. A substantial quantity is still used for this 
purpose. Ti many syntheses, chloroacetic acid (aus the sodium sult) is first treated 
with sodium cyanide to give sodium ¢yanoacetate. This may then be used directly, 
as it the synthesis of coumarin, or it may be hydrolyzed aid esterified to give diethyl 
malonate, the starting point for along list of barbiturates, Chloroacetic acid. is also 
nsed in the synthesis of other pharmaceuticals such as pyridoxine (vitamin Ba) and 
other vitamins, theophylline, aud aminophylline. Treatment of elloroneetic acid 
with ammonia gives glycine, and with aniline gives phenylglycine., Other uses are the 
synthesis of thiocyanate insecticides, carboxymethyleellulose, and mercaploacetic 
(thioglyeolie) acid. "Pho last in the form of its ammonium salt is widely used as a 
cold permanent-wave solution (see Cosmetics). Clioroacetic acid is also used in the 
synthesis of 2,4-dichlorophenoxyacetic avid (2,4-D), the selective weed killer that is 
finding a rapidly expanding market, Medicinally, small amounts of chloroacetie acted 
are used directly as a caustic and vesicant and for removal of warts, corns, ete. 

Diehloroacetie acid (dielloracetie acid, dichloroethanoie acid) CHCLCOOH, 
formula weight 128.95; m.p., 14.0?C.; b.p., 194.2*C.; d» 1.503; completely sol- 
uble in water, alcohol, aud ether. Itis a strong vesicant and attacks the skin rapidly. 

Dichloroacetic acid is a much stronger acid than chloroacetic avid (K, = 5 X 
10~). [tis also more stable lo hydrolysis; that is, it is considerably more difficult 
té-replace the chlorine ators with hydroxyl radicals than is: the: ease wi Eh. ehloro- 
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acetic acid, The chlorine atoms are reactive, however, with many other reagents in 
a manner similar to the chlorine in chloroacetie acid. 

Dichloroacetic acid has been prepared by the reaction of sodium eyanide and 
ealeium carbonate on chloral in aqueous solution, and by the chlorination of acetic 
acid. The physical propertios make purification of the chlorination mixtures rather 
diffeult. Dichloroacetie acid is not commercially available except in laboratory 
quantities. 

Trichloroacetice acid (trichloraeetie acid, triehlorocthanoie acid), CCI:COOH, 
fonnula weight 163.40, 18 a white crystalline material; m.p., 59.2°C.; m.p. of cam- 
mercial product, 57-58?; h.p., 197.5?C.; d$, 1.030. The crystals are very soluble 
in water. The saturated solution at 25°C, contains 92% acid. It is also very soluble 
in alcohol, ether, ete, It is à strong vesieant and rapidly attacks tlie skin. 

Trichloroacetic acid is a strong ucid (K, — 2 X 10-79, roughly equivalent to 
hydrochloric acid. When heated with alkali, it decomposes into chloroform and 
sodium earbonate. 

The compound was first prepared by Dumas in 1838 by the direct chlorination 
of acetic acid in sunlight. Tt is also prepared by the oxidation of chloral hydrate 
with concentrated nitric acid, 

Commer tal production of trichloroacetic acid is quite small, since its chief uses 
are as a medicinal and vot as a chemical intermediate. It is made by the dircet 
chlorination of cither acetic acid or chloroacetic acid mother liquors and also by the 
oxidation of ehloral hydrate with nitric acid. 

Trichloroacetic acid is used medicinally for the removal of warts, ete., and as an 
astringent. 

Bromoacetic acid (bromacetic acid, monobrom(o)acetic acid, bromoethanoie 
acid), CHeBrCOOH, formula weight 138.96, is a colorless crystalline solid; m.p., 
50?C.; b.p. 208?C.; d$, 1.034. Technical material melts between 88 and 43°C., 
and may have a pale-yellow color, The crystals are quite deliquescent and are ex- 
tremely soluble in water, alcohol, and ether. In earhon tetrachloride at 25°C., the 
solubility is about 26 grams per 100 grams of solvent. The compound is a rela- 
tively strong acid ( K, — 1.35 X 1079), and has a sharp, penetrating odor. It should 
he protected from exposure to moisture and air. Aqueous solutions are slowly 
hydrolyzed with liberation of lyydrohromie acid, the hydrolysis being accelerated by 
alkalies (25). 

‘Bromoacetic acid is prepared by adding bromine in small portions to glacial 
acetic acid containing 2% of carbon disulfide in a lead-lined or glass reactor equipped 
with a reflux condenser. "The temperature. must be kept down to a point at which 
hydrogen bromide hails off smoothly. When sufficient bromine has been added to 
complete the reaction (theoretical requirement: 2.66 kg. of bromine per kg. of acetic 
acd), any remaining hydrogen bromide and carbon disulfide are boiled off, and the 
product is fractionally distilled under vacnum. The process is a modification of that 
described by Michael (26). ο. 

... Most of the relatively small amounts prodneed are nsed in the manufacture of ` 
other chemicals; particularly of ethyl. bromoacetate, which is used as a lachrymator. 
Bromoacetic acid is. shipped in earboys or smaller glass bottles, under the classifica- 
tion: Chemicals, N.O.I.B.N. 2 

τα Todoacetic acid. (monoéiodoaeétic acid, iodosthanoic acid), CHCOOH, formula 
wti 185. 96, is a a colorless or r white y erystalline piateralj v m. p» 82?C.; K, 7.1X 10. 
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Tt is soluble in water and alcohol and slightly soluble in ether. The quoted price 
of iodoaeetie acid, as of October 1946, was $8.00 per 100 grams. The acid is 
obtained by healing chloroncetic acid in acetone solution with a metale iodide. 
lodoacetie acid is a strong musele poison, and is therefore used in biological ex- 
perimentation, 

Flucroacetic acid, CHalr COOH, is discussed under Fluorine compounds organic. 
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ACETIC ANHYDRIDE 


Acetic anhydride (ethanoie anhydride (I. U.C.), aeetyl oxide), (CH4CC ).0 (abbrevi- 
ated to Ac), formula weight 102,09, first prepared by Gerhardt in 1862, is a color- 
less mobile liquid with a pungent acctic odor and moderately strong luchritnatory 
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and vesieant aetion. It eombines with water to form acetic acid and is used as an 
acetylating agent in many organie syntheses, on an especially large scale for the 
manufacture of cellulose acetates (see Cellulose derivatives), aspirin (sce Acetyl- 
salicylie acid), and. acetoplienetidin (see. Analgesics). Tt has been suggested as a 
solvent in the preparation of butadiene (16). 


Physical and Chemical Properties 


Constants. B.p., 139.5?C. at, 760 mm.; f.p., —73.1?C.; vapor pressure, see 
Table I; critical constants, 46 atm. at 296°C.; dx», 1.0838; γῇ, 1.8904; nip, 
1.39229; density, surface tension, and viscosity at different temperatures arc shown 
in "Table II. 


TABLE I, Vapor Pressure of Acetic Anhydride. 











Temperature, Vapor Pressure, | Temperature, Vapor pressure, 
ος, mm, Tig C, mm. Hg 
30 5.5 110 800.0 
50 22.0 130 587.0 
70 60.0 139.5 760.0 
90 145.0 150 1100.0 


TABLE II. Density, Surface Tension, and Viscosity of Acetic ¢ Anhydride. 





Temperature, at : Surfaco tension, . Vise eosity, 
°C, a dynes per cm. : centipoises 
15 k,0871 33.14 -- 
20 1.0820 32.56 0.9120 
25 1.0740 31.90 0.8511 
30 1.0690 31.24 0. 7962 
35 1,0620 30.76 0.7447 
40 1.05867 30.05 0, 7015 
45 1.0505 20.57 0.6502 
50 1 


.0443 29.00 0.6209 


Latent heat of vaporization, 66,1 cal per gram; sp.heat, 0.434 eal. per gram; 
dielectric constant, about 20 at 20°C.; electrical conductivity, 1 X 10-* ohm! per 
ci.em, at 0°C., 48 X 10-75 ohm-! per eu.em. nt 25?C.; heat of combustion, 431.9 
kg.-cal. per gram-mole; free energy of formation, A/*s93 = —101.750 or —104.200 
kg.-cal. per mole; flash point, 124°R. (closed cup); ignition temp., 392°C. in air, 
361°C. in oxygen; limits of flammability (in air), 2.67-10.13% anhydride by 
volume. EE 

Solubility in water, 12% at 20°C.; at 15°C., 2.7 grams of water dissolves in 100 
grams of anhydride. Acetic anhydride i iş completely miscible with benzene, acetone, 
ethyl acetate, ethyl aleohol, and ethyl ether. 


TABLE Il. Freezing Poinis of Acetic Acid-Acetic Anhydride Mixtures. 








Acetic acid, | "Freezing point, Acetic weld, ον Freezing point, 
mole per cent τος °C, mole per cent : °c. 
5ο ΕΝ. RA 
EM Το 19.8 
` 80 ~—30.0. 
20 ᾿ -—44.8 








‘Source: ` reference (8). 
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System: Acclie Aeid-stectic Anhydride, Bap. in PCC. = LIR -+ 22y (where y = 
molecular fraction of anhydride in the mixture). Freezing points of these mixtures 
are shown in Table TIL. The liquid-vapor composition, as shown in Figure 1, is typical 
of a normal binary mixture that does nof form an azeotrope. 

Reactions. The chemical reactions are those of a typical organic acid anhydride 
(seo Acid anhydrides). The rate of hydrolysis in various solvents has been studied 
by Oroton and Jones (6) and the effect of catalysts by Wilpatriek (4) (heat of 
hydration, 13.96 eal, per mole), At room lemperature in the absence of entalysts, 
hydration is only moderately fast, but in the presence of mineral acids it may become 
dangerously violent; {herefore, suifable preeautions should he taken in mixing large 
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Fig. 1. Vapor-liquid equilibrium for acetic acid acetic anhydride (6). 


amounts of acotie anhydride with water or with weak acetic acid. Acelie anhydride 
reacts with hydroxyl groups in organic compounds according to (he general equation : 
ROHA + (CILCO):0 ————> CH, COOR + CILCOOI 


This reacidonu is used in the estimation of OH. groups and. in the preparation. of 
organie aeetales, — With aliphatic or aromatie aldehydes, acetie anhydride reacts 
according to the equation: 

ROHO 4 (CIL,OO),0 ———> RCIH(OOCCH,): 
Acctie anhydride is used with aromatic aldehydes and a metal aectate in the Perkin 
reaction for the synthesis of @,8-unsaturated acids and eoumarin (ῃ.».}; 
CUBCOOK 


ΟΠΟΠΟ ἠ- ((ΠΚΌΠΩ ---------5» 
175-180?C. 


CALCU: CHCOOT! 

cinnainic acid 
Acctie anhydride reacts with primary aryl amines in the cold; the reaction with aniline 
to form acetanilide is used in the estimation of acctic anhydride (see “Analysis,” page 


86). With other organic anhydrides it forms mixed anhydrides, which, however, are 
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unstable on heating. With organic acids an exchange reaction may take place; this 
‘an be used io prepare various organie anhydrides, for example: 


2 CII,OIT: CTICOOII 4- (CIH,CO),0 ———2 (CII.CIT: CHOCO).0 4 2 CHCOOH 


crotouic aeid acetic anhydride erotonic anhydride acetic acid 


Acetic anhydride combines with boron trifluoride to form a complex, whieh on 
hydrolysis gives acetylacet(one, CH;COCH,COCH,, and carbon dioxide, For its reac- 
tiou with cellulose see “Cellulose acetates” under Cellulose derivatives. 


Manufacture 


Acelie anhydride may be prepared in ihe laboratory by the reaction between 
acetyl chloride and sodium acetate, This reaction has been used commercially but 
the principal processes used in large-scale manufacture are: (/) the decomposition 
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Fig. 2. Some possible routes to acetic anhydride. 
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of ethylidene diacetate (which seems to be decreasing in importance), (2) the oxida- 
tion of acetaldehyde, and (3} the reaction of ketene (prepared by the thermal 
decomposition of acctic aeid or of acetone) with acetic acid. Other processes that 
have been used are the reaction betwech aectie acid and sulfuryl chloride, and the 
¢herinal decomposition of acetic acid with the direct separation of the anhydride 
from the water, The last-inenlioned process is, however, believed to proceed by 
the intermediate formation of ketene and is therefore actually a modification of the 
ketene process Figure 2 shows the relationships between some of these processes, 
Other processes that have been patented include: heating under reduced pressure 
acetates of metals that do not promote the formation of acetone; the reaction of 
sulfur chlorides on sodium acetate; the decomposition of vinyl acetate into vinyl 
ether and acctic anhydride; and the action of earbon monoxide on acetic acid at high 
pressure in the presence of a hydrogen halide. 

Aluminum, 18-8 stainless steel, Duriron, Carbate, and, iu the absence of air, 
copper and aluminum bronze are satisfactory materials for handling acelic auhy- 
dride, Silver and tantalum are the only common metals that are completely rc- 
sistant to acelic anhydride, Wood is useless. Acetic anhydride is shipped in glass 
and in aluminum drums and tank cars. 

Total production in the United States increased from 1,800,000 lb. in 1919 to 
58,000,000 Ib. in 1933, 137,000,000 lb. in 1986, and 521,979,039 Ib. in 1946. The 
quoted price has dropped from 47¢ per lb. in 1919 to 114/o¢ per lb. in May 1947. 
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Ethylidene Diacetate Process. thylidene diacetate is manufactured by the 
addition of acetylene to aeetie acid in the presence of a mereury catalyst at tem- 
peratures of 60-90°C , ether ina bateh process or continuously with recireulation of 
unabsorbed acetylene and continuous addition of fresh centalyst and acetic neid. 









Acetic Mercuric 
Acetylene acid Oleum oxide 
Centrifuge 
| Catalyst | 4 i 
Clarified 
Y kettle liquor 









fractio 





Reaction 
kettle 
Excess y 
acetylene First n] 
E | 


Residue 













First Middle Refined 
traction fraction ED 


Residue 


Fig. 3. Ethylidene diacetate process. 


The method of preparation of the catalyst is important; finely ground mereurous 
sulfate is inactive, and the catalyst is prepared by dissolving, mereurous or merenric 
oxide in acetic acid and precipitating with olewn or sulfuric acid. The presence of 
excess acelylsulfurie acid, from oleum and acetie acid, considerably increases the 
activity. Concentrations of 1-395 mereury and 1.5% fvee aectylsulfuric acid are 
used. The mereury salts are gradually reduced to metallie mereury, some 100 Ib. 
ethylidene diacetate being obtainable per pound of mereury in the catalyst. The 
metallic mercury is, of course, recovered and reconverted Lo oxide (13). 

It is believed that the primary product in the reaction between acetylene and 
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acetic acid is vinyl acetate, which reacts with further quantities of acetic acid to 
form ethylidene diacetate: 


CICH + CHCOOH ——-> CH: CHOOCCH, 
CH::CHOOCCH, + CHCOOH ——— CIHOII(OOCCH j), 


Operating conditions may be varied to give almost any desired ratio between 
vinyl acetate and ethylidene diacetate. Thus rapid removal of vinyl acetate from 
the reaction -kettle will give less ethylidene diacetate, whereas the return of vinyl 
acetate to the kettle cither in recovered acetic acid or by means of a reflux condenser 
gives a higher proportion of ethylidene diacetate. Ethylidene diacetate may be pre- 
pared by refluxing vinyl acetate and acetic acid at atmospheric pressure in the 
presence of a trace of sulfuric acid. A flow sheet for the continuous production of 
vinyl acetate and ethylidene diacetate is shown in Figure 3. 

Ethylidene diacetate is a colorless flammable liquid; f.p., 18.85°C.; b.p., 166°C. 
(with slight decomposition); dit, 1.0742; soly. in water, 5% at 20°C.; soly. of 
water in ester, 5% at 20°C. 

After purification, the ethylidene diaectate is then cracked by heating, with a 
catalyst such as sulfurie acid or zine chloride er bromide: 

OCH.,CH(OOGCCIL), ———— (CH,CO),0 + CH,CHO 


The anhydride and acetaldehyde formed are separated by distillation from un- 
changed ethylidene diacetate, Yields of 97.5% with a conversion of 7595 have been 
claimed. The acetaldehyde simultaneously produced may be oxidized to acetic acid 
for the production of more ethylidene diacetate. 

Acetaldehyde Oxidation. The oxidation of liquid acetaldehyde (q.v.) with air 
or oxygen has long been used for the production of acetic acid, the earliest patent ou 
this process having been issued in 1908. The mechanism of this reaction lias been 
studied in many laboratories and can be most simply represented by two equations 
(1 and 2) involving the intermediate formation of peracetie acid. The latter com- 
pound is explosive and its concentration is kept down to a safe limit by the use of 
catalysts, especially manganese acetate, Temperatures of 60-80? C. and pressures of 
50-100 p.s.i. are goncrally used. 


CH;CHO -4- 0; —— — CH,COOOH (1) 
ΟΠΙΟΟΟΟΗ -F CH,CHO ———— 2 CH4COOH (2) 


Further study of the reaction showed that acetic anhydride is also formed, according 
to the equation: 


CH,COOOH -- CH;CHO ———— (CILCO);,0 + ILO (3) 


Unless conditions are chosen to favor reaction (8) at the expense of reaction (2) and 
to separate the anhydride from the water simultaneously formed, all the anhydride 
formed will be hydrolyzed to acetic acid. In order to increase the yield of anhydride, 
variations in the catalyst are used, mixtures of cobalt and copper acetates being 
especially effective. Reduction in temperature and increase in speed of oxidation 
also aid in giving a higher concentration of anhydride in the final crude oxidation 
product. A third expedient is to conduct the oxidation in a diluent such as ethyl 
acetale, which cuts down the rade of hydrolysis of the anhydride. By this means it 
is possible to obtain conversion to the anhydride of more than two-thirds of the 
aldehyde oxidized. In order to obtain acetic anhydride from the crude oxidation 
product, the water must be removed as soon as possible after the oxidation is com- 
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pleted and at as low a temperature as possible, Continuous vacuum distillation 
accomplishes this efficiently, and the diluent used in the oxidation process may 
assist by lowering the boiling point of the ernde or by removing the water as an 
azeotrope. 

This “dual oxidation” process for the simultancous production of acetic acid 
and anhydride was discovered and first put into operation by Shawinigan Chemicals 
Ltd, Canada, but several other plants operating on {bis principle have been eon- 
strueted in the United States; In Germany doring World War II, a high proportion 
of (he anliydride was made by this process (Fig. 4). 

Ketene Processes. Ketene (g.0), CH: CO, a gas boiling at —41?C., can be 
regarded as a dehydration product of acetic acid, from which it is formed by cata- 
lytic decomposition: 


CHCOOH —— —9 CH;:€0 4 ILO 


Ketene is absorbed by liquid aeetie acid, with which it reacts rapidly in the absence 
of catalysts to form acctic anhydride: 


CH,:CO + CH COOH 





τοπ κκ) 


Ketene may be manufactured, as in the laboratory preparation described by 
Sehmidlin and Bergmann in 1810, by heating acetone to a high temperature: 


CIHCOCII — —— CH.:CO + CH, 


It may also be manufactured by heating acctie acid vapor to about 1000?F. in the 
presence of volatile organie phosphates, or by passing the vapor through a catalyst 
bed containing, inorganic phosphates. Yields and conversions are increased by 
operating at subatmospheriec pressure, In (his reaction water is liberated, and high 
conversion of the acid to anhydride requires rapid separation of ketene from this 
water. In the older processes combination of ketene with acetic acid vapor was 
allowed to occur, and by partial condensation first acetic anhydride was condensed 
and then acetic acid. In the later methods of operation, cooling is carried out so 
rapidly that weak acetic acid is condensed first, allowing ketene to pass to acetic 
acid setubbers in which the anhydride is formed, 

As practiced at the I. G. Farbenindustrie plant at Dormagen, Germany, 99% 
accti¢ acid vapor is introduced at the rate of 1000 tb. per hour into the cracking 
tubes, which are heated io 700-720?C. by producer gas. The catalyst, triethyl 
phosphate, is added at the inlet to the cracker at a rate of about 2 Ib. per hour. 
There is no recovery of the catalyst, which is lost as phosphoric acid in the residue 
from the final distillation. 

At the exit from the converter, a small amount of ammonia gas ix introduced to 
acl as astabilizer. The vapor is then cooled as quickly as possible, 30% acetic acid 
being condensed; the ketene vapor passes to four scrubbing towers in series, the first 
of which contains glacial acetic acid as the absorption liquid. Liquid is pumped 
from the hase of the first tower to the top of the second, and from the base of the 
second to the top of the third, from the base of which ig withdrawn crude 90% 
anhydride. A higher concentration can be obtained but this makes the final purifica- 
tion of anhydride more difficult, probably owing to polymerization of unreacted 
ketene. In the fourth tower, final traces of ketene are scrubbed out with 380% 
acetic acid. 
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To produce 100 Ib. of acetie anhydride (95%), 137 Ib. of glacial acetic acid is 
used; 40 lb. of 3095 acetic acid is recovered simultaneously. The yield on acetic 
acid is therefore about 94% of the theoretical. The weak acetic acid is concentrated 
by the usual methods. The erude anhydride is purified by distillation to free it from 
tars and high- and low-hoiling impuritics. 


Analysis 


The principal methods that have heen used for the determination of acetic 
anhydride depend ou titration with standard alkali, reaction with aryl primary 
amines, reaction with sodium eihylate, reaction with anhydrous oxalic acid, and on 
liberation of heat on resetion with water, . 

Direct Titration. The anhydride content of a mixture of acetic acid and acctic 
anhydride may be determined by titration with standard caustic soda solution, 
using phenolphthalcin as au indicator. Sinee 1 formula weight of acetic anhydride 
(102.09 grams) combines with the same weight of alkali as 2 formula weights (120.11 
grams) of acetic acid, 10097 acctie anhydride titrates as 120.11/102.09 = 117.6% 
acetic acid; thus, from the total acidity of the sample, expressed as acetic acid, the 
per cent of anhydride may be calculated: 

total acidity — 100 


% anhydride = --~ 0176 





A small error in this determination will affect the answer greatly and extreme care 
must therefore be taken. The method cannot be used if impurities other than acetic 
acid are present in appreciable amounts, 

Reaction With Anilne. 'This method depends on the fact that in the cold 
acetic anlydride reacts with auiline to form acctanilide but acetic acid does not: 


(CH;CO),0 + G;H;NH, ————9 COJITLNHCOCH; 4- CH,COOH 


The total acidity of the sample is determined and then the acidity after reaction 
with excess aniline, the first giving the sum of the acetic acid and two molecules of 
aeetie acid from each molecule of acetic anhydride present, the second the sum of 
the acetic acid and one molecule of acid from each molecule of anhydride. 


SPECIFICATIONS 


Specifications for acetic anhydride are (37): assay, not less than 90% anhy- 
dride; nonvolatile matter, not more than 0.003%; chloride, not more than 0.0005%; 
sulfate, not more than 0.001%; phosphate, not more than 0.001%; substances 
reducing permanganate, to pass test; heavy metals, to pass test. 
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ACETINS. See Glycerol. 
ACETOACETANILIDE, CH;COCH,CONHC4H,. See Aniline; “Hansa yellows” 
under Pigments. 
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ACETOACETIC ACID, CH ,COCHLCOOTL. See Acids, carboxylic. 
ACETOACETIC ESTER, CH;COCH:COOC2H;, See Esters, orguntc; “Tantom- 


erism” under Zsomerism. 


ACETONE 


Acetone (dimethyl ketone, 2-propauone (I.U.C.), methylaeetyl, pyroaeetic ether), CH;- 
COCHa formula weight 58.079, is the simplest and most iniportant of the ketones 
(qv). It isa colorless, mobile, flammable liquid with a mildly pungent aud somewhat 
aromatic odor. It is miscible in all proportions with water and with organic solvents 
such as other, methanol, ethyl aleohol, and esters, Acetone is used chiefly as à solvent 
or cellulose acetate, nitrocellulose, and acetylene (see Solvents) and as a raw material 
for the chemical synthesis of such products as acetic anhydride, diaectone alcohol, 
mesityl oxide, and methyl isobutyl ketone. 

Acetone was first observed about 1595 by Libavius, who obtained it by the dry 
distillation of sugar of lead (lead acetate). In 1805, Trommsdorff stated that on 
distillation of “acetate of potash or soda” he obtained a liquid intermediate between 
alcohol and ether. The correet composition of acetone was first determined in 1882 
by Liebig and Dumas, Some years later, Williamson ascertained the constitution 
of the ketones, and considered accione to be methylaeetyl. The synthesis of ace- 
tone by the action of zine dimethyl on aeetyl ehloride confirmed this view. 


Properties 


Physical Properties. M.p., ~94.6°C.; b.p., 56.5°C. at 760 mm.; dj’, 0.7898; 
n?, 1.3501; vapor pressure, 180.3 inm. Hg at 20?C.; specific heat, 0.5176 cal. per 
gram at 20°C.; viscosity, 0.00837 c.g.s. units at 15°C.; electrieal conductivity, 
5.5 & 10-3 reciprocal ohms at 25°C. 

Chemical Properties. Acetone shows the typical reactions of ketones. It 
forms erystalline compounds with alkali Disulfites; for example, with sodium bi- 
sulfite, the compound (CHs)eC(OH)S8O,Na is obtained. Reducing agents convert 
acetone to isopropyl alcohol, CH;CHOHCH,, and pinacol, (CH;),COHCOH- 
(CHa) Acetone is not easily oxidized; it is unaffected by nitric acid (d. 1.87) at 
room temperature and is stable to neutral permanganate. The more powerful 
oxidizing agents, such as alkaline permanganate and chromic acid, break it down to 
acetic and formic acids, and the latter decomposes further to carbon dioxide and 
water. Acetone does not reduce ammoniacal silver or Fehling’s solutions, The 
flash point of acetone is —20°C. The explosive limits of acetone-air mixtures 
appear to lie between 2.55% and 12.80% of acetone at room temperatures. 


OCCURRENCE AND FORMATION 


Acetone occurs in small quantities in human blood and normal urine and in con- 
siderable amounts in the urine of diabetics as a decomposition product of accto- 
acetic acid, CH;COCH,sCOOH. Acetone is contained in small amounts in pyro- 
ligneous acid, which results from the dry distillation of wood (see Wood distillation). 
lt is also formed by thermal decomposition of coal, peat, acctic acid salts, formates, 
and citric acid, and by the dry distillation of sugars or gums with lime. Acetone 
results from the dehydrogenation or oxidation of isopropyl alcohol vapor at elevated 
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temperatures in the presence of catalysts. It is formed when acetic acid is passed 
over catalysts like aluminum oxide, thorium oxide, zine oxide, and titanium oxide 
at 300-400°C. At temperatures of 500-550°, ethyl alcohol forms uectone when its 
vapors (usually together with steam) are passed over such catalysts as alumünun 
oxide, manganese dioxide, and iron oxide. The ehemical oxidation of isopropyl 
aleolhol with hydrogen peroxide, with nitrie oxide iun alkaline solutions, or with 
alkaline permanganate, forms acetone. uel niiscellaneous reactions a» the. adili- 
tion of water to a solution of allylene in eoncentrated sulfuric acid, the hydrolysis of 
propylene chloride, and the heating of formaldehyde or avetaklehyde with di- 
methylamine, also result in the formation of acetone (2). 


Manufacture 


Until the entry of the United States into World War I, all neetene produecd in 
this country was made by the dry distillation of culeium acetate, which, in turn, was 
obtained hy neutralizing pyroligneous acid with lime and evaporating to dryness 
(1. The wartime demand for acetone required greater amounts than could he 
obtained by this method. One plant was put into operation in this eountry to 
convert ethyl aleohol {0 vinegar, which was neutralized with lime and evaporated {ο 
'aleium acetate for acetone production, However, a far more important process was 
that developed by Dr. Chaim Weizmann (16) for the conversion of starch-containing 
grains to butyl alechol and acetone by means of a special bacillus. 

Fermentation Process. The process is really divided into four steps: the 
preparation of the grain meal and mash, the building up of cultures, the fermenta- 
tion, and the distillation. The usual raw material is shelled eorn, which is ran 
through milling equipment in which bran and germ are removed and a meal of 10-20 
mesh prepared. From the germ, earn oil and germ cake meal ure usually made. 
The corn meal is dropped into horizontal agitated pressure cookers into which water 
has previously been adimitted. Live steam is then allowed to enter until a pressure 
of 20 Ib. or more has been built up, aud this is maintained for an hour ar two. The 
purpose of this cooking operation is to obtain a smooth mash free of “dough-balls” 
and well sterilized. This is then pumped through double-pipe coolers, where its 
temperature is reduced to 98°F., into the fermentors. Meanwhile the culture has 
been built up in the laboratory and culture rooms. A few drops of bacilli in the 
spore form have been activated by heating in a corn mash, which is then used to 
inoculate a flask. The mash in the flask is permitted to ferment for about 24 hours, 
after which it is used as an inoculant for mash m vessels of approximaicly 100-gal. 
capacity. The 24-hour fermentation is repeated here and the fermented mash, in 
turn, is used to inoculate the contents of 1000-gal. vessels, which are usually termed 
seed tanks. Again after 24 hours of fermentation in these, each is used to inoculate 
mash in a fermentor having a volume 40~50 times that of the sced. In each step of 
preparing the culture, more vessels are used than are actually needed for the final 
inoculation of the fermentors. This is done to insure the selection of active cultures 
and the elimination of sluggish or contaminated cultures. 

The mash in the fermentor begins to evolve gas shortly after inoculation. The 
gas is a mixture containing approximately 60% by volume of carbon dioxide and 
40% of hydrogen. In anormal fermentation, the acidity of the mash rises to a peak 
in about 20 hours and then begins to diminish sharply. The fermentation is usually 
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complete in 36-40 hours The short but useful lives of the cultures are now about 
ended, as the completely fermented mash or beer is run into direct-heated steam stills 
and a mixture eonsisting of half water and half solvents comes from the condensers. 
As the original fermented mash contained only about 2% of solvents, the beer still 
brings about a substantial concentration of these, From the bottom of the heer 
still, there is discharged à watery mixture of the unfermented portions of the corn 
mash. This material is not only fairly high in protein, but contains substantial 
amounts of riboflavin, as a result of which in recent years it has been found worth 
while to evaporate and dry the slop to a product which is used in poultry feed. 
Further distillation of the solvent mixture obtained from the heer stills, either in 
kettles or continuous stills, results in their separation into normal butyl alcohol, 
acetone, and ethyl aleohol iu a ratio of approximately 56:32.12. 

Through the Weizmann process, substantial quantities of much needed acetone 
were supplied during World War I for the gelatinization of high explosives and the 
production of airplane dopes. About 1925, the production of acetone from calcium 
acetate was stopped because this process could no longer compete with the fermenta- 
tion process, in which the acetone was really a by-product of the production of butyl 
aleohol, The use for the latter was expanding at a rapid rate because of the replace- 
meut by nitrocellulose lacquers of the slow-drying oleoresinous finishes on automobiles, 
furniture, and many other items. As a result of much research by a number of work- 
ers, new cultures were found which would ferment molasses with satisfactory yields 
(see also Fermentation), with & substantial reduction in the raw material cost of the 
process. In addition, the new cultures gave » solvent ratio of approximately three 
parts of butyl alcohol to one part of acetone as compared to a two-to-one ratio for the 
Weigmann-type culture. The molasses process has been in steady use since the early 
1930s, with the execption of certain periods during World War II when scareity of 
molasses made if necessary for producers in this country to return temporarily to 
grains as the raw material, Another reason for the desirability of using molasses and 
thus obtaining smaller amounts of acetone was the newer process for the production of 
acetone from isopropyl aleohol, 

Synthesis from Propylene.* By far the largest. production of acetone in this 
ecounüy is from petroleum-derived propylene by way of isopropyl aleohol (see 
Propyl alcohols), The availability of high-quality acetone in large quantities from 
the petroleum chemical industry has been a major factor in the expansion of rayon pro- 
duction and other acetone-consuming industries in recent years. In the develop- 
ment of acetone manufacture from petroleum, a product suitable for the exacting 
requirements of the vellulose acetate rayon industry was produced only by the most 
careful control of the purity of raw materials and reagents; in fact, special analytical 
methods had to be devised to mensure sulfur content in the range of interest, that is, 
of the order of 1 to 5 parts of sulfur in 10,000,000 parts of acetone (11). The satis- 
faction of such requirements was no small technical achievement. The reactions 
involved in acetone production from propylene may be summarized as follows: 


CH.CHCH, -F Πιο ----- CH,CHOHCH, a) 
CH,CHOHCH, ———» CH,COCH; + Β, (2a) 
or 2 CH,CHOHCIL -4- 0, ——> 2CUL,COCH, + 21,0 (2b) 


* This section by Harold G, Vesper. 
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The production of isopropyl alcohol typically involves the folowing operations, as 
deseribed by Rosenstein (11): (a) Production of a pure propane-propylene fraction. 
(b) Absorption of the propylene content in sulfuric acid of fairly high concentration 
to produce propyl hydrogen sulfate and dipropyl sulfate. (e) Separation of the 
products (b) from unchanged hydrocarbons, chiefly propane. (d) Hydrolysis of the 
products (b) to isopropyl aleohol (und isopropyl ether) in dilute sulfuric acid solu- 
tion. (e) Removal of the aleohol (and ether) from solutions (d) by distillation. 
(f) Bubsequent purification of the isopropyl aleohol by fraetionation. A detailed 
discussion of isopropyl aleuhol manufacture is given by Ellis (4), 

The production of acetone from isopropyl aleohol may be conducted cither hy 
catalytic dehydrogenation (eq. 2a) or by catalytic oxidation (eq. 2b). Catalysts for 
the dehydrogenation inelude metals, such as capper, brass, aud lead (sometimes with 
promoters), and various metal oxides aud salts or oxide salt combinations, and 
recommended temperatures are of the order uf 300°C. and higher (4). The oxida- 
tion, being exothermic, is reportedly more difficult to control; typical catalysts are 
copper, copper alloys, silver, and metal oxides, and temperatures are in the range 200 
to 800?C. (4, 15). 

Other processes are used commercially in other countries for the production of 
acetone. In Germany, acctone is produced in 95% yield from acetie acid by a vapor- 
phase catalytic process using a cerium oxide catalyst at 400°C. It is also possible ta 
produce acetone by passing ethyl aleohol over an iron eatalyst at elevated temper- 
atures (17). In another process, the vapors of acetic acid made from acetylene through 
acetaldehyde are passed over such catalysts as lime, barium oxide, and manganese 
oxide to form acetone (14). A one-stage process now used in Canada produces acetone 
directly from acetylene and steam. 


ECONOMIC ASPECTS 


In the United States, owing to the availability of large quantities of propylene 
the only process that is utilized to produce acetone alone is that which uses isopropyl 
alcohol as the raw material. Any increased demands for acetoné will probably be 
met hy this process. The amount of acetone that is produced by fermentation will 
depend on the demand for butyl aleohol, and for every increase of three pounds in 
such demand, only one pound of acetone will be made. The raw material is the 
biggest cost factor in the production of butyl alcohol and acetone by fermentation, 
but this cost is offset to a considerable degree by the valuable by-product useful in 
poultry feed. Aeetone and butyl alcohol will probably continue to be made by 
fermentation as long as blackstrap molasses remains a by-product of the sugar 
industry, for the producer must go to the expense of disposing of the molasses by 
taking it 10 sea and dumping it if he cannot market it. Thus, it is reasonable to 
expect that the price of molasses will be maintained at a figure that will enable it to 
he used in the fermentation industries to make products which compete with syn- 
thetic materials. 

In 1940, approximately 200,000,000 Ib. of acetone was produced in the United 
States. Probably not more than 20% of this was made by fermentation. Sales of 
acetone in that year were 120,000,000 lb., and the difference between the production 
and sales figures probably represents acetone that was converted by the producers 
into acetic anhydride and other derivatives. Undoubtedly, the greater part of this 
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acetone was used to make acetic anhydride through ketene derived from acetone. 
Tn 1944, about 328,000,000 Ib. of acetone was produced in this eouniry from iso- 
propyl aleohol and about 56,000,000 Ib. by fermentation. The total U.S. production 
in 1946 was 335,993,000 Ib. and the priee quoted in Mareh 1947 was 8.5¢ per Ib. The 
price of acetone in the decade from 1934 to 1044 fell steadily from a high of 9¢ per Ib. 
in 1934 to à low of 4¢ per Ih. in 1938-39. At that time the price began to rine gradually 
until it reached 7é per Ib. in 1043. The average price during this period was about 6¢ 
per Ib. 


ANALYSIS AND SPECIFICATIONS 


Acetone can be determined by treating with hydroxylamine hydrochloride and 
titrating the liberated hydrochloric acid (10). The formation of iodoform from the 
reaction of acetone with iodine is the basis of another useful method of analysis. 
The excess iodine is titrated and the amount whieh has reacted with the acetone is 
thus determined by difference (7). 

Commercial acetone as now produced is almost a chemically pure product. 
Its chief impurity is usually a few tenths of oue per cent of water. It contains no 
oxidizable impurities, and on the addition of a few drops of permanganate to acc- 
tone, the eolor will be retained for several hours. Acetone is shipped in ordinary 
steel tank cars or drms without causing corrosion, an indieation of its freedom from 
impurities of an acidie nature. Owing to its low flash point, the red caution labels 
must be attached to all containers whether tank cars or drums. The chemical 
purity of commercial acetone as now produced is indicated from the following 
specifications, which represent the average of the various producers: purity, 99.5% 
by wt.; distillation range, 1°C. (55.8-56.8°C.); sp.gr., 0.792 at 20°/20°; acidity, 
not more than 0.002% calculated as acetic acid; color, practically water-white; 
oxidizable impurities, the pink color obtained when 1 ml. of 0.1% solution of potas- 
sium permanganate is added to 100 ml. of acetone is retained for at least 2 hours at 
25°C.; water content, fully miscible with 19 volumes of 60°Bé. gasoline at 20°C.; 
water solubility, completely miscible with distilled water. 


UBALTIL AND SAFETY CONSIDERATIONS 


Records of ill effects of acetone on industrial workers are extremely rare and the 
reports are, in some cases, inconclusive. Acetone taken by mouth in doses of 15-20 
grams daily for several days was shown by Albertoni to produce uo bad effects other 
than a slight drowsiness, but when inhaled it has more serious consequences because 
of its high volatility. Kagan, in personal experiments, found it impossible to inhale 
concentrations of 8500 p.p.m. for longer than five minutes owing to acute irritation 
of the throat (12). In general, there seem to be no indications that acetone presents 
any hazards to workers who use it in rooms that are fairly well ventilated. Such 
ventilation should be used anyway to prevent any possible hazard of fire duc to the 
accumulation of acetone vapors. 


Uses 


The largest use for acetone in this country is in the production of acetic anhy- 
dride (g.v.), which in turn is chiefly consumed in making cellulose acetate for acetate 
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rayon, photographie film, and plasties. When acetone iz passed through a heated tube 
at about 700°C, (preferably of a nonferrous metal, since iron increises carbon forma- 
tion and reduces yields), it is converted into ketene and methane; the ketene on reac- 
tion with glacial acetic acid forms acetic anhydride, Acetone also finds a very large 
use as a solvent for cellulose acetate to convert it into usefal products (sec. Cellulost 
deripatives; Solvents). Thus, the cellulose acetate industry is by far dhe largest user of 
acetone, either as such or in the form of acetie auliydride made from it. Acetone is 
also an excellent solvent for nitrocellulose aud is so used in making films, cements, 
artificial leather, and similar products. Avctone, being a powerful solvent for acetylene 
(q.9.), is usecl to saturate absorbent packing in each acetylene cylinder κο that ex- 
cessive pressure can be avoided. 

Acetone is becoming increasingly important as a raw material for chemical 
synthesis. In addition to is utilization in the produetion of acetic anbydride, it is 
the raw material from which such produets as dincectone aleohol, mesityl oxide, 
methyl isobutyl ketone, isophorone, and methylpentanediol are made (sec “De- 
rivatives"). — Acetone is also used iu substautial quantities to make a-hydroxyixu- 
butyrie acid hy treatment with hydrocyanie acid followed by an acid hydrolysis. 
This product is converted into methacrylic acid, from which an important plastic is 
made (see eryliec and inethacrylic acids; Acrylic resins and plastics), Some of the 
halogen derivatives of acetone, such as monochloroncetone, dichloroacetone (both 
isomers), and hromoacetone have heen suggested as laehrymators (see (fas warfare 
agents). 


Derivatives 


Diacetone alcohol (4-hydroxy-4-methyl-2-pentauone), CH,COCH;C(OH)- 
(CIH3)s, b.p. 166°C. wilh deconiposition 'at atmospherie pressure; miseible with 
water (23); prepared by eondensing acetone in the presence of alkali and alkaline 
earth hydroxides in the liquid phase, and separating the diacetone alcohol fron the 
uneonverted acetone by distillation of the neutralized reaction mixture (28,36). 
Diacetone alcohol is used as a lacquer solvent and in hydraulic brake fluids. Tt is 
unstable, decomposing to acetone unless it is neutral or slightly alkaline. 

Mesityl oxide (4-methyl-3-penten-2-one, isupropylidencacetone), (ΟΠ) ος 
CHCOCHs, h.p. 129.5?C.; insoluble in water (22); prepared by heating diaeetone 
aleohol with 0.01% iodine (26), or in the presence of oxalic or mineral acids (31). 

Methyl isobutyl ketone (4-methyl-2-pentanone), CHsCOCH»CH(CHs),, D.p. 
116.8°C.; insoluble in water (20); prepared by the vapor-phase hydrogenation of 
mesityl oxide over nickel at 165°C., or over reduced copper on ashestos at 120° (84), 
or by the liquid-phase hydrogenation of mesityl oxide over Raney niekel at atmo- 
spheric pressure (39). 

Methylisobutylcarbinol (4-methyl-2-pentanoD, CH3CHOHCH;CH.(CH3)s. b.p. 
131?C.; insoluble in water (18); prepared by reduction of mesityl oxide in acetic 
acid solution with colloidal platinum, or over reduced copper on asbestos at 120° 
(34). 

2-Methyl-2,4-pentanediol, (CH3)4C(OH)CHsCHOHCHEL, b.p. 106?C.; soluble 
in water (19); prepared by reduction of diacetone alcohol with hydrogen over finely 
divided nickel at high temperature and pressure (25). 
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Ketene (sce also Ketenes), CHa: CO, b.p. —56?C.; prepared by thermal de- 
composition of acetone vapors by hot platinum wire, through a silica tube above 
730°C. (30), over copper at 660° (29), or over sulfates of chromium, manganese, 
aluminum, caleium, barium, strontium, or silver, or mixtures of these salts al 635° 
(27). Ketene tends to polymerize at ordinary temperatures, dimerizing to form 
diketenes (85). It reacts with water to give acetic acid; with acetic acid and 
organic acids to give acctie anhydride and mixed anhydrides; with alcohols to give 
esters, ete. (21,32,33). 

Isophorone (3,5,5-irimethyl-2-eyelohexen-1-one), CO.CH :CCH3.CH».C(CHs)2.- 





CH,, b.p. 215.2?C.; £p. —8.1?; insoluble in water (24); prepared by passing ace- 
η 


tone over ealeium oxide, hydroxide, or carbide, or their mixtures at 350°C. and 
atinospheric pressure, the products being separated by distillation (37); also pro- 
pared by heating acetone at 200-250°C. under pressure and distilling to separate 
the unconverted acetone, diacetone alcohol, and mesityl oxide, the acetone and by- 
products being recirculated (38). 

Methyl e«-methylacrylate, CH.:C(CH3)COOCHs. Sce Acrylic resins and 
plastics, 
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ACETONITRILE, CH;3CN. Sce Nilriles. 
ACETONYLACETONE, CH,CO(CHa)sCOCH;. See Ketones. 
ACETOPHENETIDIN, CH;CONHC&H,4OC4Hs(p-). See Analgesics. 


ACETOPHENONE 


Acetophenone (methyl phenyl ketone, acetylbenzene), CHsCOCWH; (abbreviated 
to MeCOPh and AcPh), formula weight 120.14, is a colorless, highly refractive, 
normally liquid ketone possessing a pleasant aromatic odor, In medicine and re- 
lated fields it is usually called “hypuone,” because of its use us a hypnotic. Aceto- 
phenone was first prepared by Friedel (3) mm 1857 by distillation of a mixture of 
calcium benzoate and caleium acetate. In 1885 Dujardin-Beaumetz and Bardet 
discovered ita powerful soporifie properties, but, with the later discovery of better 
hypnoties, whose aetions are more positive and which are less toxic, acetophenone 
has been largely displaced for this purpose. Small quantities of acetophenone occur 
naturally in oil of castoreum (8,10), oil of labdanum resin (7), and in the buds of 
balsam poplar (Populus balsamifera) (5). Itis the major constituent of oil of Stirlingia 
latifolia (1). The heavy-oil fraction of coal tar contains small amounts of this ketone 
(11). 


Physical and Chemical Properties 


1. Constants. M.p., 20°C.; b.p., 202°C.; bie, 838.5°C.; dag, 1.0266; πῶ, 
1.5337; flash point, 105°C, (closed cup); insoluble in water, Dut miscible m all 
proportions with common organie solvents, 

2. Reactions. Acetophenone is a typical alkyl aryl ketone (sec Kefones), 
„Its reactions fall into three general classes: (a) reactions involving the carbonyl 
group, such as the addition of Grignard reagents and the condensation to dypnone, 
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CaH5C(CIE) : CHCOGGIT; (acetophenone, however, does not form au addition com- 
pound with sodium bisulfite), (b) nuclear substitution, such as nitration to produce 
m-nitroaectophenone, and (¢) side-chain substitution, such as bromination to pro- 
duce e-bromoacetophenone. 


Manufacture 


Acetophenone may be prepared in a number of ways (2). Commercially, 
acetophenone is made by the Friedel-Crafts reaction (4,6) by using benzene, anhy- 
drous aluminum chloride, and acetic anhydride in the molar ratios of 5 to 3.2 to 1, 
respectively (see Friedel-Crafts reaction). Tf the aluminum chloride is not of high 
purity, substantially more than 3.2 moles will be required for utilization of both 
acyl groups of the acetic anhydride. Dry benzene (880 lb.) and anhydrous aluni- 
num ehloride (417 Ih.) are charged into an iron, jacketed, agitated kettle, and the 
acetic anhydride (100 1b.) is fed inte the mixture, During the addition, which takes 
about au hour, the temperature of the reaction mass is kept below 50°C. by circu- 
lating cold water or brine through the jacket, Hydrogen chloride liberated during 
the reaction is conducted {o a suitable stoneware absorption system. When the 
addition is complete, the charge is heated to boiling and refluxed until the evolution 
of hydrogen chloride has practically ceased, usually after 20 hours. The charge is 
then cooled to 25°C. and quenched by running it onto erushed ice (1500 Ib.) or 
drowning it in an equivalent amount of iced water. In order to remove all acid and 
aluminum compounds, the benzene layer, after thorough settling, is washed suc- 
eessively with water, dilute sodium hydroxide solution, and again with water. The 
neutral benzene solution of acetophenone is then distilled, the acetophenone distilling 
af approximately 95°C. (for a vacuum of 20 mm. Hg). The yield of distilled aceto- 
phenone for the amounts of materials indicated is 200 lb., which is 85% of the theo- 
retical yield. The distilled product is used for all commercial purposes. Pure 
acetophenone may be obtained by crystallization of the distilled material. 

A number of patents (12-15) have been issued covering the use of the Friedel- 
Crafts reaction for making acetophenone and other ketones. Recently a patent 
(17) was granted for making acetophenone ly the hydrolysis of a-chlorostyrene with 
aqueous gulfurie acid. 


STANDARDS AND CONTAINERS 


1. Standards and Grades. Technical and perfumery grades—both distilled 
products. Perfumery grade meets the following specifications: ketone, 99-100% 
by titration with hydroxylamine (9); dž, 1.025-1.027; congenling point (c.p.), 
19.0-19.5°C.; chlorine (Beilstein flame test), free; color, water-white; odor, clean 
floral character, free of any by-odors. 

2. Containers. Fractional and 1-, 2-, 5-lb. bottles. Also 5-, 10-, 15-, 25-, 50- 
lb. cans and 400-Ib. tin-lined drums. 


INDUSTRIAL HAZARDS 


Although acetophenone has been used as a hypnotic, there is no unusual hazard 
involved in its manufacture and handling. The flash point is 105°C.; there are no 
special railroad regulations governing shipping. 
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Economic Aspects 


Although formerly a large proportion of the acetophenone used in the United 
States was imported from 1980 on, US. production becuime signuifiernt. Production 
and consumption are rather erratic, since they are closely related to the national in- 
come. In 1941 production was 27,500 tb. The price of acetophenone dropped steadily 
before World War IT, from $3.50 per Ib. in 1929 te SLOS in 1034, Tn July 1945 a 
price of about $1.70 per Ib. was quoted and, in March 1947, $1.50 per Ib. 


Uses and Applications 


Acetophenone is used as a major constituent of new-nown huy and hawthorn 
types of perfumes (g.7.); it is also used for honeysuckle and jasmine types. aud For 
flavoring tobacco. Acetophenone serves as a solvent for cellulo-c ethers; esters, and 
resins, and also as a plasticizer (see Plasticzzers; Solvents). It is an intermediate in 
orgauie xynthesig — In medieine, it is still used to some extent as a leypnotic. 


Derivatives 


p-Methylacetophenone (methyl p-tolyl ketone), CH,COCSHiCHs formula 
weight 134.08, is a colorless, highly refractive liquid having a pronounced aromatie 
odor; m.p., —23?C.; b.p., 227?C.; by, 112.3?C.; d22, 1.002: 055. 1.5335. Lt is made 
by a process similar to that for acetophenone, hut from toluene instead of benzene 
(612-15). Recently it has heen made by oxidation of. p-eymeue (16). The ehief use 
for p-methylacetophenone is in perfumery as a mimosa Dase and in place of aceto- 
phenone in more expensive perfumes (g.o.).. Production in 1039 was 7253 Ib. 

o-Bromoacetophenone (bromacetopheuoue, phenacyl bromide), BrCH;CO- 
CHa, formula weight 199.05, forms white, rhombic prisms and is a laehryniatory 
compound obtained by brominatiun of acetophenone; m.p., 50°C; by, 140°C. a, 
1.647. It is employed in organie syntheses and in the manufacture of dyes and 
has limited military use (see Gas warfare agents). 

a-Chloroacetophenone (chlorarctophenone, phenacyl chloride), CICELCOCHH,, 
formula weight 154.59, forms white, rhombie crystals and is a lachrymatory compound 
made from benzene and chloroacetyl chloride by a Friedel-Crafts reaction. It may 
alsa be made by chlorination of acetophenone; m.p., 59°C.; b.., 247°C.) bu 140°C 
di’, 1.824, Besides being a lachryniator, it is a respiratory and skin irritant, and finds 
use as a “tear gas” (see Gas warfare agents). It is also an official denaturant for indus- 
trial aleohol. 

p-Methoxyacetopbenone (acetanisole, methyl p-anisyl ketone), CHs0CsHyCO- 
CH;, formula weight 150.17, forms white, crystalline plates having a mild aromatic 
odor suggestive of methylacetophenone aud coumarin. It is not prepared from uecto- 
phenone, but is synthesized from anisole and acetic anliydride by the Fricdel-Crafts 
reaction; m.p., 38-89°C.; b.p., 258?C.; d, 1.0818; econgealing point, 36.5?C.  p- 
Methoxyacetophenone is not a widely used synthetic, but it does have valne in Ori- 
ental bouquets, new-mown hay, and fougére types of perfumes. It is also used in soap 
perfumery. 
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p-ACETOTOLUIDE, CH,CONHC,HiCHs. Sec Amides. 
ACETYLACETONE, CH;COCH»COCH3. See Ketones; Solvents. 


p-ACETYLAMINOBENZENESULFONYL CHLORIDE, CH;CONHC,H;4SO;Cl. 
See Acetanilide. 


ACETYLATION. Sce Aeylation; Cellulose derivatives; Esierification. 
ACETYL BROMIDE, CH,COBr. See Acid halides. 
ACETYLCELLULOSES. See Cellulose derivatives. 


ACETYL CHLORIDE 


Acetyl chloride (ethanoyl chloride, acetic chloride), CH3COCI (abbreviated to 
AcC), formula weight 78.501, is a colorless mohile liquid, fumingin moist air. It has 
a pungent odor and irritates the eyes. It was first prepared in 1853 by Gerhardt. 
It is a valuable acetylating agent, and has a variety of uses in analysis and in organic 
syntheses, U.S. production in 1942 was 48,950 lb., and in May 1946 it was quoted 
&t 60d per Ib. 


Physical and Chemical Properties 


M.p., —112.0*C.; 2.0. 51.85; vapor pressure (—19.5 to 49.0°), log Pmm. = 
(—3570.87/1) + 1.75 log 7 — 0.023636 T + 17.16999; d?, 1.1051; vapor density 
(airt = 1), 2.70; np, 1.38708; surface tension, 26.7 + 1.0 dynes per em., at 14.8°, 
and 21.9 dynes per em. at 46.2°; specific heat, 1.419 = 1% joules per gram; heat 
of vaporization, 87.14 cal. per gram at 50.4°; flash point, 4.5°; heat of combustion 
of the vapor (at constant volume) ; 242.0 kg.-cal. per gram-mole viscosity data are given 
in reference (4a). Acetyl chloride decomposes in water and alechols; it is soluble in 
acctone, glacial acetic acid, ethyl cther, benzene, toluene, chloroform, and carbon di- 
sulfide, 
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Acetyl chloride reacts with zine (9), alminum, and other metals (6) to form 
the chloride of the metal and a variety of organie compounds. In the presence of a 
trace of todine, chlorine readily reacts with acetyl chloride to form. ehloroucetyl 
chloride; sunlight also catalyzes the reaction. Bromine forms a mixture of bromo- 
acetyl chloride and bromoacetyl bromide. Acetyl ehloride with hydrogen bromide 
(or potassium bromide) forms acetyl bromide and hydrogen ehloride (or potassium 
chloride); with caleium iodide or hydricdie acid, it forms acetyl iodide; with potas- 
sium fluoride in acetic acid solution, or with zine Huoride, it forms acetyl Auoride. 
Compounds such as aluminum chloride and ferrie chloride form so-called addition 
coniplexes. 

Acetyl chloride reacts vigorously with water tu form acetie and. hydrochlorie 
acids: CH3COC] + HOH > CILCOOH + HCl; the reaction with ethyl aleohol is 
similar, forming etbyl acetate. Acetyl chloride reacts with primary and secondary 
alcohols to form acetates, hydrogen chloride being evolved, and with tertiary aleo- 
hols to form e¢hlorides and free acetie acid. Acetamide is formed by treating acetyl 
chloride with anhydrous ammonia or with coueentrated aqueous solutions, Aniline 
and acetyl chloride form acetanilide. Acetyl chloride is useful for converting 
primary and secondary amines to their acetyl derivatives, tertiary amines forming 
so-called addition compounds (4). Acetyl sulfide is formed with potassium sulfide 
(KS), and thioacetic acid with potassium hydrogen sulfide (KHS). Acetylene, with 
aluminum ehloride at 15?C., reacts with acetyl chloride to form methyl g-ehloroviuyl 
ketone in 25% yield; ethylene and aluminum chloride similarly yield à butenono. 
Acetyl chloride reacts with sodium acetate or with potassium nitrate 1o form acetie 
anhydride, and with numerous carboxylic acids to form anhydrides. Hydrocyanic 
acid (HCN) forms acetyl eyanide; the latter, in the presence of concentrated hydro- 
ehlorie acid, gives the amide of pyruvie acid (CHCOCONH). Acetyl chloride 
passed over a nickel catalyst at 400°C. decomposes into carbon monoxide (about 
62%), hydrogen (82%), hydrogen chloride, ethylene, and earbon dioxide. 


Manufacture 


Acety] ehloride ein be formed by the action of numerous cllorine-containing 
compounds ou acetic acid, its salts, esters, or anhydride. Commercially, acetyl 
chloride is prepared by treating sulfur dioxile and chlorine with sodium acetate, 
preferably with cooling, and then distilling (10). It is also conveniently prepared by 
treating acetic anhydride with hydrogen chloride at 85-90°C,; the yield is prac- 
tically quantitative (8). The usual laboratory preparation is by the slow addition of 
phosphorus trichloride to acetic acid with initial cooling, followed by warming to 
40-50° to drive off the hydrogen chloride. The acetyl chloride ig distilled from the 
lower layer of phosphorous acid and purified by repeated distillation (5). Heating 
benzoyl chloride and acetic acid in a molar ratio of 2:1 gives an 85% yield of acetyl 
chloride (2). Benzotrichloride and acetic acid, in the presence of a catalyst such as 
zine chloride or sulfurie acid, react to form acetyl chloride and benzoyl chloride 
(18,14). Acetic acid in the liquid or vapor phase reacts with phosgene in the presence 
of a suitable catalyst to form acetyl chloride (15,16). Another method is to chlori- 
nate glacial acetic acid in the presence of phosphorus trichloride at 10-30°C., and 
separate the acetyl chloride by fractional distillation (11). Acetyl chloride is formed 
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by bringing methyl chloride and carbon monoxide to an elevated temperature in the 
presence of copper (17), borie acid, phosphoric acid, or their salts (12). Acetyl chloride 
is also formed from ketene and anhydrous hydrogen chloride m= the presence of 
catalysts such as activated earbon or aliminum chloride. 

Specifications and standards follow: grades, technical; containers, 110-Ib. 
earboys or iron drums; railroad shipping regulations, white label. 

The eyes, skin, and lungs of workers should he protected; the low flash point 
(«ee “Physical and chemical properties”) should be kept in mind. 


Uses and Applications 


Acetyl eliloride is used in the preparation of acetanilide, acetophenone, and 
other acetyl derivatives, and also in ihe preparation of anhydrides of carboxylic 
acids or their isomers, An important laboratory use of acetyl chloride is in the 
determination of hydroxyl groups (3). It is also useful in analysis for distinguishing 
tertiary amines from primary and secondary amines. Tt sometimes serves as à con- 
yeniont means for removing water ov for saturating un aqueous solution with hydro- 
chiorie acid (7), and also as a chlormating agent for inorganic compounds. Acetyl 
chloride is a useful catalyst for esterification, for the halogenation of aliphatic acids, 
and for the nitration of thiophenes and other compounds. 
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ACETYLCHOLINE, CH;COO(CH;4,N(CH3),OH. Bee Choline; Stimulants of 
nervous system. 
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ACETYLENE 


Acetylene (ethyne (I.U.C.), ethine), CjFL or CHCH, formula weight 26.04, is a 
colorless gas, The discovery and identifieution of acetylene in. 1830 i5 attributed 
to Edmond Davy. The eleetric-furnaee inethod of producing ealeini earbide aud 
utilizing acetylene was discovered by Morehead and Willson in 1902. Present-day 
industrial usage has stemmed from this ineident. Aeetylene is widely usul as n raw 
material for organie compounds, and for the air acetylene and oxyacetylene Hanes, 


Physical and Chemical Properties 


Sublimation point, —83.4?C. at atmosplierie: pressure; m.p., —82?C. ut 10 
p.s.i.g. (1277 mm. Hg); h.p., —75?C. at I0 p.si.g.; triple point ou plinse diagram, 
—82?C. and 3 p.s.ig. (815 mm. Hg); latent heat of vaparization, 264 D.t.u. per Ih. 
or 3815 gram-eal. per gram-mole at the triple point, 262 B.t au. per Ib. at 10 past.g.; 
erit. temp., 36?C.;. erit. pressure, 61.7 atin. or 802 p.s.ig.; erit. vol, 83 eue, per 
gram-mole; erit. density, 0.23 grain per eu.em. or 14 Ib. per eu.ft.; solubility in 
water, 1.7 vols. per vol. at 0?C., L.1 vols, por vol. at 15.5?C*. 

The heat of formation of acetylene is —54.0 kg-eal. per gram-mole. (3800 
B.t.u. per 1b.); it is thus a highly endothermic compound. 1t eau be decomposed 
into its elements with the Bberation of heat, and this reaction may or may not give 
rise to explosive violence depending on eouditiens, Thus, when the gas is ignited at 
atmospheric pressure, deconrposition v¢ccurs but is not usually propagated beyond 
the source of heat. The probability that decomposition will occur, and its intensity, 
increase with the pressure, the temperature, and the size of pipe in which it may be 
contained (2). Acetylene in the liquid or solid form, when ignited, explodes with 
extreme violence. Acetylene burns in air with an intensely hot aud Inmiuous flame 
(see "Oxyucetylene flame," page 118). The ignition temperatures of acetylene and 
of acetylene-air and acetylene-oxygen mixtures vary according to factors of com- 
position, pressure, water-rapor content, and initial temperature (2). As a typical 
example, mixtures containing 80% or more acetylene with. air at atmospheric pres- 
sure ean be ignited at about 805°C. The ignition limits (explosive limits) of aeetyl- 
ene-air and aeetylene-oxygen mixtures depend on the initial pressure, temperature, 
and water-vapor eontent. In dry air at atmospheric pressure the upper limit is 
about 77% acetylene and 28% air. The lower limit is usually about 2.6% acetylene 
in air (2). 

Having a carbon-to-carbon triple bond, acetylene is a very reactive substance. 
Catalytic reduction with hydrogen gives first ethylene and then ethane; chlorine 
adds readily, forming 1,1,2,2-tetrachlorvethane (acetylene tetrachloride), CHCL- 
ΟΠ acetylene dichloride (1,2-diehlorcethylene) can be isolated as an inter- 
mediate. Hydrogen chloride reacts very slowly with acetylene; hydrogen bromide 
forms vinyl bromide (bromoethylene), CHa: CHBr, and then ethylidene bromide 
(1,1-dibromoethane), CH;CHBn, and hydrogen iodide reacts analogously. Halogen 
substitution products of acetylene are not obtained by reaction with the halogens: 
disubstituted acetylenes can by obtained by treatment with a sodium hypohalous 
salt; monohalogenatud acetylenes must be prepared by indirect means. The 
haloacetylenes fail to give any of the characteristic substitution reactions of alkyl or 
aryl halides. 

At low temperature and under pressure, neetylone forma a hydrate, ChHe. GAO). 
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but under suitable conditions, with a catalyst, it adds water to form acetaldehyde, 
CH4CHO.  Aleohols ean be added catalytically forming acetals (g.v.): ethyl aleohol 
gives CH3CH(OCSH3)s. 

Acetylene can undergo polymerization in various ways. When acetylene is 
passed through a red-hot tube some benzene is formed, while in the presence of 
euprous chloride and ammonium chloride in acid solution vinylacctylene (8-buten- 
1-yne), CH;: CHC: CH, aud divinylacetyleue (1,5-hexadien-3-ync), CH: CHC: C- 
CH: CH), are formed. 

In contrast to ethane and ethylene, acetylene reacts with metals with replace- 
ment of the hydrogen to form acetylides. With small quantities of capper a peculiar 
corklike substanee called cuprene is obtained (see “Derivatives,” page 121). 

The reactions of acetylene of commercial interest (see “Uses,” page 116) fall 
into two groups: (2) reactions af the triple bond, especially vinylations, and (2) 
ethynylations, or reactions in which the triple bond is preserved, such as the forma- 
tion of butynediol. Nieuwland aud Vogt have published a comprehensive mono- 
graph on the chemistry of acetylene (5). 

Acetylene can be made by the action of water on ealeium carbide (g.v. under 
Carbides), or by several processes from hydrocarbons. The ealeium carbide process 
is the one most used in North America. 


Manufacture from Calcium Carbide 
The equation is: 
Ca, -+ 2 FLO ——> Ca(OIl, + CLM + 32 kg.-val./mole (900 B.t.u./Ib, of carbide) 


The liberation of heat in the reaction dictates certain features in the design of 
generators for producing acetylene. Local points of intense heat must be avoided 
because calcium carbide under certain conditions of insufficient water can actually 
become incandescent, If these points are above the ignition temperatures of {he 
acetylene or acetylene-air mixtures present, decomposition, possibly of explosive 
force, may be initiated within the generating vessel. Furthermore, a temperature 
below 300°R. must be maintained to minimize Ihe polymerization of gascous 
acetylene. 

Another factor of primary importanee is the avoidance of high pressures by the 
use of relief valves; 15 p.s.ig. is conmonly accepted as a safe limi. 

The by-product lime hydrate from the acetylene generation process is usually 
iu the form of a thin liquid suspension that is easily drained out of a generator by 
gravity. A mechanical agitator within the water shell prevents the solids from 
settling out and therchy facilitates drainage. The most usual practice allows the 
lime residue to settle in a, pit or pond in which the liquid is separated from the solids. 
The liqnid is usually separated by decantation, and the solids are later removed at 
necessary intervals. The hydrated lime from calcium carbide manufactured in the 
United States and Canada averages quite high in purity. It is advantageously used 
for such purposes as an acid-neutralizing medium, as a soil fertilizer or conditioner, 
ax whitewash, and as a mortar constituent, 

There are three principal methods of generating the acetylene, described below: 

1. Carbide-to-Water Method of Generation. "Tho carbide-to-water method of 
acetylene generation in the form of a batch operation is the one usually used in the 
US. Standards for the construction aud performance of acetylene generators have 
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been developed by the Underwriters’ Laboratories, Ine. and are almost unis erally 
followed. The design of such units is based on an eniprrieal factor, providing one 
gallon of water capacity for cach potud of ealeitum cavbide — Air acetylene-generatiug 
rate of one cubie foot per hour per pound of carbide hopper capacity is considered 
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Fig. 1, Carbide-to-water acetylene generator. 


basic, although many commercially available stationary models sre so-called 
“double-rated”’ for capacities of two cubic feet per hour per pound of carbide hopper 
capacity. The latter rating is obtained if equipment passes certain tests prescribed 
by regulatory bodies to assure safety of operation at the increased load. 

Acetylene generators are classified into two groups according to operating pres- 
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sure. "hose generators designed to earry out the ealeium earbide-to-waler reaction 
process at pressures below 1 p.s.i.g. are termed low-pressure generators. Medium- 
pressure generators are used for acetylene production at between 1 and 15 p.s.i.g. 

The most usual form of acelylene-generator construction embodies a cylindrical 
water shell placed on end and surmounted by a housing containing the carbide feed 
mechanism and hopper (see Fig. 1). The water shell has means for filling and 
draining, and usually a mechanism for manually agitating the lime residue during 
recharging operation, The upper housing, commonly referred to as the “dome,” 
usually contains besides the carbide hopper the means for regulating the carbide 
feed, at least one pressure 
gage and relief valve, and the 
valved service line for the 
acetylene oniput. There are 
numerous variations of thus 
praetiee in ihe commercial 
models of different manufac- 
turers. Generators are also 
provided with integral hy- 
draulic back-pressure valves 
designed to protect the gener- 
ator against flashbacks origi- 
nating in acetylone-consum- 
ing equipment or possible 
backflow of oxygen into the 
generator from systems con- 
necled with oxyacetylene 
equipment. It is also common 
practice to provide mechanical 
iuterferenee mechanisins that 
require the operator to follow 
a correct sequence of steps in 
recharging and using the gen- 
Kemoduced courtesy The Linde Aw Producta Company. erator. 
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Fig. 2. Acelylene generator feed control. There gre numerous 
methods of controlling the 
rate of feed of the carbide into the water. In one method for medium-pressure 
operation a valve controls the gravity flow of sized carbide from the hopper. 
This is illustrated in a typical form in Figure 2. 'The degree to which the valve 
opens or closes is controlled by a spring-opposed, rubber-diaphragim, actuating 
mechanism, the movement of which is dependent upon and sensitive to the in- 
ternal pressure of the generator. This motion is translated to the valve so that it 
tends to open with falling pressure and close with rising pressure. "The setting of 
the generator-operating pressure is determined hy the compression of the control 
spring (on the atmospheric side of the diaphragm) opposing the internal force, 
which tends to push the diaphragm outward. 
Another system of feeding carbide into water uses a revolving disk-and-plow 
mechanism turned by a weight motor. Carbide falls by gravity onto the disk and 
ix pushed off by a plow so that it falls into the water, The rate of feed (and thorefore 


ACETYLENE 106 


generation) is controlled by a pressure-sensitive braking deviee applied to the 
rotating disk. Stopping the disk has the effect of preventing gravity discharge of 
carbide from the hopper. 

Still another method of feeding carbide into water employs a horizontal con- 
veyer screw between the hopper and the water shell. "Phe feed serews are turned by 
adjacent water-pressure motors or by remotely located and controlled elvetric 
motors. Generators of this type are usually designed for operation at a constant 
rate of carbide feed and are operated in conjunetiun with 2 gn--storage holder. 

Medium-pressure, automatic, acetylene generators are usually designed to 
operate on a specified small size of dust-free carbide such as *14N D," "rice," or 
"1, X Vein.’ On the other hand, low-pressure generators are frequently designed 
to handle more than one size of carbide (sce “Calcium carbide’? under Carbides). 
It should be pointed out that dust carbide cannot be handled by medium-pressure 
gravity-feed generators, or generators with revolving disk-und-plow mechanisms. 

During the course of normal operation of a ¢arbide-to-water acetylene gener- 
ator, there is a very noticeable rise in the temperature of the unit. When the unit 
has been designed and constructed in accordance with the Underwriters’ Labora- 
tories specifications ealling for one gallon of water per pound of carbide capacity, 
the temperature rise is about 70-80°F. if the operation is continuous at rated 
capacity throughout the run. Thus, if s given generator was originally filled with 
water at 60^F. and started into operation at rated eapacity, it would be empty about 
4!/; hours later, and its temperature would be about 135?F. 

2. Dry Generation. In certain large-scale industrial applications, a method of 
producing acetylene from calcium carbide known as “dry generation" is used. This 
process has the advantage of being continuous in nature, rather than a batch opera- 
tion. In addition the by-product lime is in a dry, marketable, and comparatively 
easily handled form. In some instances the lime product is briquetted and recycled 
to produce ealeium carbide. 

In the dry generation of acetylene, about one pound of water is used per pound 
of calcium carbide. The heat of reaction is largely dissipated by vaporization of 
water. Continuous agitation of the reaction mass of dry lime and unreacted carbide 
prevents localized overheating. The product acetylene passes out through a filtering 
labyrinth that removes entrained lime dust. The by-product lime is removed 
mechanically through a device that at the same time effectively prevents escape of 
the acetylene. 

3. Water-to-Carbide Generation. The water-to-carbide method of acetylene 
generation has been quite popular in Europe, but has only limited use in the U.S. 
and Canada. Although the rate of generation can be controlled simply, the local hot 
spots created in a carbide mass are considered undesirable. The method is, however, 
usually employed in small portable lamps where the quantities of heat and rates of 
generation involved are not large. 

The ercation of local hot spots is avoided in so-called reecssion-type generators, 
which use a specially processed carbide (see Fig. 3). The treated cakes of carbide 
intermittently react with water, the level of which rises and falls in accordance with 
acetylene demand. 

4, Purification of Acetylene. Acetylene produced from calcium carbide 
manufactured in the U.S. contains normally less than 0.4% of impurities other than 
water vapor (see “Analysis,” page 114). Only for a few purposes is it considered 
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necessary to purify acelylene beyond the degree obtained from generation. Puri- 
fication of acetylene is effected commercially by methods that bear muncrous trade 
names but usually follow the same general principles The phosphine present is 
oxidized and hydrated to phosphonic acid; the ammonia is neutralized and absorbed; 
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Fig. 3. Recession-type acetylene generator, 


and the hydrogen sulfide is oxidized. The purification mediums are usually in the 
form of solids impregnating a diatomaccous earth. The acetylene passes through a 
bed of the material in a batch process. Certain of the purifying mediums are 
capable of successive regenerations, which are, however, of diminishing effectiveness. 
Acetylene can also be purified by the use of 85% sulfuric acid, which neutralizes the 
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ammonia and oxidizes the phosphine and hydrogen sulfide. "This 1nethod of puri- 
firation is usually carried out as a countercurrent liquid: gas flow process in suitable 
packed towers. It has the disadvantage that it tends to destroy a part of the 
acetylene. 


Manufacture from Hydrocarbons 
ARC CRACKING PROCESS 


'The synthetie-rubber plant built by the I. G. Farbenindustrie during World 
War II at Hüls, Germany, in the Ruhr, contained the first successful commercial 
installation for the cracking of lower hydrocarbous to acetylene by the eleetrie are 
(8-12,14), The plant, with a capacity of 200 metric tons of acetylene per day, was 
put into operation in August 1940. The cost of the entire plant totalled 80,000,000 
RM, which included 30,000,000 RM for a Linde liqnefartion unit. (A conversion 
factor of 24¢ per RM gives a fair comparison with relative costs in the U.S.) An 
acetylene of about 97% purity was used in the manufacture of butadiene for Buna-S, 
the conversion being carried out through acetaldehyde, aldol, and butylene glycol. 
By-produects were carbon black, hydrogen, and small amounts of higher acetylenes 
(diacetylene (biacctylene, butadiyne), CH:CC:CH, and methylacetylene (propyne), 
CH;C:CH, and other homologs), ethylene, aud lydrocyanie acid. The carbon 
black amounted ta over 10% of the acetylene produced. Tt was used as a reinforcing 
agent for rubber but was far from satisfactory for the purpose. 

Initially, the plant operated on hydrocarbon gases from two nearby coal- 
hydrogenation plants. Owing to shortages during the latter part of the war, the 
cracking units were operated on natural gas. Table I shows the difference in gas 
compositions from operation of the units with the two raw materials. The inlet- 
gas compositions refer to the mixture of feed gus and recireulated hydrocarbons 
separated froin the cracked gas by a Linde liquefaction unit as deseribed below. 


TABLE I. Gas Compositions with Different Raw Materials. 














Hydrugenats on gus Natural gos 





Components L 








| 

—! ——— un 
Inlet gas _ Outlet gas |... Inlet gas Outlet gas 

CO, X 1. | 02 0.3 0.0 
Cs 0.0 16: 8 1.8 13,4 
Olefins, ^ 0.0 3.9 | 1.4 | 0.0 
Qs, πο 0 4 02 | 0.3 02 
Sore To 1.7 09 30 2.0 
p 90 50 8 2.5 46.0 
CH and homologs, %, 88.7 (Caa) 24 9 80 2 (Crn 27.8 
Να, % 50 2.5 10.2 8.0 
100.0 100. 0 100.0 100.0 














There were seventeen sets of ares, with an average of about ten operating at one 
time. Each set had (wo ares, one of which could be in operation while the other was 
being cleaned and repaired. Figure 4 shows the construction of the are. The upper 
electrode was made of copper and insulated from the shell of the converter by a 
porcelain insulator. The feed gases entered tangentially in the expanded upper sec- 
tion of the are unit, producing a swirling action that kept the arc from remaining at 
one point and burning through the tube. For starting up the arc there was an 
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auxiliary steel electrode that operated by compressed air. On formation of the spark, 
the expansion of the gases forced the eleetrode back in position and out of the way 
during operation of the arc. The reaction tube was made of mild carbon steel and 
was water-jacketed. This tube was 1 meter long and 9.5 em. inside diameter with a 
wall thickness of 9.0 mm. The assembly, including water jackets, was grounded, as 
was also one side of the rectifier output. The tube had an operating life of about 150 
hours, after which it was replaced. Control of the are operation was accomplished 
hy controlling the power factor. 
The flow of feed gas was regulated 
WATER INLET until the power factor was between 


WATER OUTLET 









HIGH-VOLTAGE 


LEAD 
0.7 and 0.75. The are flame then 
extended the full length of the are 
tube.  Inereasing the gas flow 
TANGENTIAL μα. 
SLOTS FEED-GAS eaused the fame to be extinguished 


ENT 
RANCE and lower flows decreased the con- 


version. 

The feed to the are consisted 
of approximately one part by 
volume of fresh gas and one part of 
recycle gas. Each arc unit could 
E33 4— — — GROUND handle 2800 cu. m. per hour of feed 
gas, which, in operation on natural 
fas, expanded to 4200 cu.m. per 
hour during the cracking reaction. 

The are unit operated at a pressure 






SCALE IN FEET of 1.5 atm. abs. The reacted gases 

reached a maximum temperature 

1-«——— WATER INLET of 1600°C. and were rapidly 

oy quenched to 150° by a water spray 

NT iT re SPRAY located at the bottom of the reac- 
[=| NITROGEN INLET tion tube. 


After quenching, the cracked 
σα gàs was sent through a preliminary 
im purification system. The gas was 


| CRACKED-GAS passed through a gas seal box to two 
OUTLET cyclones in series followed by two 
Fig. 4. Hiils are converter. in parallel, which removed 70% of 


the carbon black, and was then 
sprayed with waterin a wash tower. The remaining carbon black was filtered out 
by passing the gas through eight bag fillers. The filters were heated to prevent 
moisture condensation. The carbon black was dried, classified, and bagged for 
shipment to tire mauufacturers, 

Up io this point à separate system was provided for each pair of are converters. 
From here on the gas was combined into two streams, passing first through two 
spray coolers where it was cooled to 25°C. Aromatic constituents in the gas, 
mainly benzene and naphthalene, were removed after this stage by countercurrent 
washing with hydrocarbon oil. The oil was stripped under vacuum and recirculated. 
From the oil wash towers, the gas was washed in two water scrubbers in parallel for 
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the removal of hydrogen cyanide, the latter being recovered under vacuum. The gas 
was then treated with “luxmasse,” or hydrated iron oxide, for the removal of sulfur. 

The purified gas was compressed to 19 atm. abs. in six 4-stage compressors 
each with a capacity of 4000 cu.m. per hour, The high-pressure gas was scrubbed to 
remove acetylene in six 66-sieve-plate absorption columus, 2500 mm. in diameter 
and 30,000 mm. in length. The amount of water required was 1 eu.m. for 10 cu.m. 
of inlet gas. A very large amount of power was required for pumping the water for 
the absorption, amounting to 3600 hp. Therefore, to recover a portion of this 
energy direct-counected turbines were provided, operating at pressures between 19 
and 2.6 atm., the latter being the pressure in the first series of flash chambers men- 
tioned below. „The stripped gas from the tower contained less than 0.1% acetylene 
and analyzed approximately as follows: hydrogen, 5595; total hydrocarbons, 3526; 
carbon monoxide, oxygen, and nitrogen, 10%. This gas was separated by two Linde 
units into ethane, ethylenc, methane, and hydrogen streams. The methane and 
propane streams were combined and recyeled to the are unit. 

The water containing the dissolved acetylene was run through a series of flash 
chambers operating ai pressures of 2.6, 1.0, 0.15, and 0.05 atm. ahs., respectively. 
The gas from the first chamber contained only 45% acetylene, and it was rerom- 
pressed and recycled to the compressors. The gas from the other three flash eham- 
bers was combined to give a gas containing 95% acctylenes. Diacetylene and other 
homologs such as incthylacetylenes were separated by low-temperature liquefaction 
and fractionation processes, employing liquid ammonia as refrigerant. 

The yield of acetylene from hydrogenation gas, with recirculation, was approx- 
imately 45%. From 100 kg. of fresh feed gas there was produced 45 kg. of acet- 
ylene, 9.2 kg. of ethylene, 5.3 kg. of carbon blaek, and 142.5 cu.m. of pure hydrogen. 

The cost of producing acetylene by this method was approximately 55 RM per 
100 kg. of 97%% acetylene. The cost of hydrogenation gas was 1.5 RM per 1,000,000 
B.t.u. Each electric arc consumed 7000 kw. at an average cost of 0.015 RM per 
kw.-hr., which corresponded to a power requirement of 0,500-10,000 kw.-hr. per ton 
of acetylene. Itisto be noted that the power requirement is approximately the same 
as for production of acetylene by the ealeium carbide method. The following list 
gives the consumption of utilities, water, and hydrogenation gas per 100 kg. of 
acetylene produced, and the labor requirement for the entire plant: 








Electric power: Operating labar, per shift: 
Are unit.,... een 1008 kw.-hr. Are building............... | 30 men 
Separation unit...... 320 kw.-hr. Gas purification and earbon 
Low-vollage users. .. 7 kw-hr. μ]αοκιπηἰδ.....νννννννννν 50 men 
γρίαϊ................ 1335 kw.-hr. Compressors and serubbers,... — 40 men 
Linde units......... THREE 40 men 
Water... essen 40 cu.m, — 
Hydrogenation gaa..... 222 oum. Total... eene 160 men per shift. 


Although the Htils plant was known to have a purification system that would 
he considered very unwieldy and impractical in this country, economic conditions in 
Germany forced them to recover all by-product chemicals. However, the cost of 
acetylene produced in Germany by this method was about the same as from calcium 
carbide. ' 

The I. G. electric-ure process was operated in Baton Rouge, Louisiana, before 
the war on semicommercial scale by Jasco, Inc. However, it never reached com- 
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mercial scale in this country. Another process in the development stage is the 
Schoech process employing a submerged arc. A pilot plant is in operation al the 
University of Texas. 


TIIERMAL CRACKTING PROCESS 


A purely therinal method, known as the Wulff process, has been developed in 
the United States for the pyrolysis of lower hydrocarbons to acetylene (13). It is 
applicable to operation on the same type of raw materials as the electric-are method 
previously discussed. When natural gas is employed, the cracked gas produced is 
similar in composition to that produced by the clectric arc, acetylene heing the pre- 
dominant unsaturated hydrocarbon. With higher hydrocarbons such as cthane, 
propane, or cracked fractions such as natural gasoline, under optimum operating 
conditions acetylene and ethylene are produced in substantially cqual quantities. 
The yield of acetylene obtained by recirculation of ethylene is substantially the same 
as that obtained by the cleetric arc. The main difference in the operations is that 
the eleetric-are process produces considerable carbon black as a by-product. 

In the Wulff process the pyrolysis is carried out in a regenerative type of furnace 
containing carborundum refractory tiles in the heated section. The time of contact 
is maintained at approximately one-tenth second and the gas is quenched very 
rapidly either by direct water contact, or through a fire-tube boiler followed by 
direct water quenching. Steam is employed as a diluent when cracking hydro- 
carbous higher than methane, However, as with the electric-are process, natural 
gas may be cracked satisfactorily without steam dilution. In this process the heat 
for raising the temperature of the carborundum tiles to cracking temperature is 
supplied by the off gases from the process, consisting of carbon monoxide, methane, 
and hydrogen. A typical gas composition obtained in eracking propanc to optimum 
yields of acetylene and ethylene is as follows: 








Component Volume, por cent Component Volume, per cent 
CO: 0.4 co 2.7 
CH» 14.8 Ha 18.5 
CH, 15.7 CH, 20.4 
Cis 0.9 Coa 0.2 
Colle 1.1 Oo, Nz 0.3 





The expansion is 3.0-fold. The carbon balance is 94.2%, of which about 70% is in 
the form of useful hydrocarbons as follows: 





CO) ιν ων ων νεος νι. νιν. ah 29.697, 
Cog. sse ees 31.5% 
Calls. cece aeree 2.7% 
7) i sese re 6.6% 

70.4%, 


The cracking temperature to produce a gas of the above composition is approx- 
imately 1250°C., and for cracking methane 1450°C. A typical operating cycle is a 
65-second firing period, a 40-second cracking period, and 15 seconds for purging and 
valve changing. Figure 5 shows a flow diagram of the cracking and gas-treatment 
unit, 

The gas purification and concentration system is similar to that used in the 
electric-àre plant at Hüls, Germany, with the exception that, in operations on 
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hydrocarbons higher than methane, no carbon recovery unit is required; acetylene 
and ethylene are both produced and the acetylene is scleetively absorbed in water, 
or a higher-molecular organic solvent, from the eraeked gas under 20 atm. pressure. 
The gas then passes through an absorber employing a hydrocarbon oil, sach as kero- 
sene, for the recovery of olefins, or, if it is desired to separate hydrogen, a liquetae- 
tion and fractionation unit is used. The eost of energy in the thermal craching 
process is Jess than {lat of either the caletum carbide or elect ric-are method in that 
all of the heat is obtained from the off gas from {he process, whereas the other 
methods require about 4,5 kw.-hr. of eleetrie energy per pound of acetylene. The 
process (differs further from the electric-are process in that the high-pressure steam 
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Fig. 5. Thermal cracking unit, Wulff proccss. 


the cracked gases for concentration of the acetylene and ethylene, and the low- 
pressure steam is used for diluent in the pyrolysis operation. 

Vacuum Furnace. Another modification of the thermal process for the pyroly- 
sis of hydrocarbons to acetylene was developed on a pilot-plant scale in Germany 
before World War II. It differed from the one just described in that the regenerative 
furnace was operated under vacuum and no steam was employed as diluent. This 
method was abandoned because of the diffieulty encountered in operating the re- 
generative furnace al temperatures of the order of 1500°C. under vacuum and on 
a make-heat cyclo. 


PARTIAL COMBUSTION OF METIIANE 


During World War IT, I. G. Farbenindustrie operated a plant at Oppau, Ger- 
many, producing acetylene by partial combustion of methane with oxygen (7). 
The crude cracked gas thus produced, containing about 8% acetylene by volume, 
was converted to acetone, and the carbon monoxide and hydrogen in a ratio of 1:2 
was used as synthesis gas for the production of methanol. The equipment was com- 
paratively simple, consisting of refractory burners in which a mixture of methane 
and oxygen preheated to 400°C, was premixed and burned, attaining a temperature 
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of approximately 1500°C. Tour burners were employed having a combined feed of 
4000 cu.m. of methane and 2280 cu.m. of oxygen per hour. Approximately 8000 
cum. of cracked gas was obtained having the following composition: acetylene, 
8.0%; carbon monoxide, 25.0%; carbon dioxide, 4.0%; methane, 5.0%; hydrogen, 
58.0%. Figure 6 shows the type of burner used. The methane and oxygen were 
mixed in the Venturi throat and then burned in the refractory mass containing a 

' plurality of tubular channels. In 
operation of the burners, gas veloc- 
ities were maintained higher than 
the flame propagation aud lower than 
the extinguishing velocity. Total 
time of contact from ignition to 
quenching was less than one-tenth 
second. The cracked gas after pass- 
ing through the burners was sub- 
jected to quenching with water as in 
the eleetric-are operation at Hüls. 
Yields of acetylene based on methane 
were about. 32%, and the oxygen 
requirement was approximately 4.4 
pounds per pound of acetylene pro- 
dueed. The process has also been 












METHANE oxycen applied on an experimental scale to 
-----------5- --------------- . 
propane. Approximately the same 
a—- cracked-gas composition was ob- 
| tained and acetylene yields and oxy- 
&-mm HOLES gen requirements were comparable. 


7 -—e Acetylene in Cylinders 


Characteristics of Acetylene 
Cylinders. At pressure somewhat 
above 15 psig. acetylene can be 
broken down with explosive violence 
into its constituent elements, if a 
spark or other ignition source is 


- 


Scale in Feet 


CRACKED GAS present. Acetylene cylinders are 
Fig. 6. Burner for acetylene production at Oppau constructed n such a way that they 
by partial combustion. safely nvoid this hazard of high- 


pressure acetylene. Cylinders built 
for other compressed gases do not have these features and it is obvious that otlier 
cylinders must not be charged with acetylene. Likewise, no attempt should be 
made to charge any other gas into an acetylene cylinder. One basic feature of safe 
construction lies in packing a porous mass with extremely minute cellular spaces 
into the acetylene cylinder so that no pockets of appreciable size remain where “free” 
acetylene in gaseous form can collect. A second safety factor is the use of acetone as 
a solvent. Acetone will dissolve many times its own volume of acetylene; the solu- 
bility increases with rising pressure and with diminishing temperature. 
Since acetylene in a cylinder is not a free gas, but is held in solution in tho 
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acctone, & gage attached to the eylinder indieates what is known a» the “solution 
pressure" in the cylinder, This pressure is greatly affected by changes in eylinder 
temperature, and these variations in pressure are particularly noticeable at the 
temperature extremes experienced in winter and summer. For example, the gage 
pressure of a certain cylinder may be 230 p s.i.g. when the temperature is 70°F ; 
if this same cylinder is allowed to cool to 0°F., the pressture will drop to less than 100 
p.s.i.g. without any acetylene having heen withdrawn from the cylinder. Tt is there- 
fore obvious that the contents of an acetylene cylinder, unlike oxygen or nitrogen 
cylinders, cannot be determined accurately by pressure-gage readings. Acetylene 
cylinder contents can, however, be accurately measured by weight, and it is on this 
basis that cylinder-charging operations are conducted. Weight of acetylene can be 
converted into cubic feet by the faetor of 14.5 eu.ft. per Ib. 

From the foregoing discussion it ean he seen that the practice of filling one 
acetylene cylinder from another is a hazardous one. Acetylene issuing from a 
cylinder always contains acetone vapor, which will tend to aceumulate in a cylinder 
being filled in this manner. Consequently such cylinders will have abnormal 
"settled pressures," that is, for a given acetylene content at a given temperature, 
their internal pressures will be abnormally low. In addition, with a slight increase in 
temperature a cylinder filled in this manner will reach a hydrostatic condition in 
which it becomes completely filled with liquid and any further temperature rise will 
result in a bulging and eventual rupture of the cylinder walls. 

Acetylene cylinders are fitted with safety devices to release the acetylene in the 
event of an abnormally high temperature, as ina fire. In cylinders manufactured in 
the U.S., these safety devices contain a fusible metal that melts at about the tem- 
perature of hoiling water, In large cylinders the devices take the form of replaceable 
plugs with a core of the fusible metal. Small eylinders may not have such plugs 
but are made with passages in a valve or other cylinder acressory. These passages 
are filled with the fusible metal. 

The most usual sizes of acetylene cylinders are those with nominal capacities of 
10, 40, 100, 225, and 300 cu.ft. So-called “lighthouse” cylinders used for marine 
navigation have capacities of about 1000 cu.ft. of acetylene. 

The construction and shipping of acetylene cylinders in the U.S. follow the 
specifications and regulations of the Interstate Commerce Commission, which in its 
turn follows the recommendations of the Bureau of Explosives of the Association 
of American Railroads. Specification ICC-8 applies to acetylene cylinders, and, 
among other things, requires them to meet certain chemical and physical steel 
specifications, to pass hydrostatic pressure tests, to possess fillers of 83% or less 
porosity, and to be protected by adequate safety-release devices. Each cylinder is 
required to carry the marking ‘“TCC-8,” plus a serial number, a tare weight, and a 
symbol. It then must be registered with the Bureau of Explosives together with 
reports of its manufacture and test. In addition, the date of manufacture and any 
subsequent rotest dates must be stamped on the cylinder. 

The tare or stencil weight of the cylinder is an arbitrary value that includes the 
combined weight of the cylinder proper, porous filling, valve, and solvent, but does 
not include the removable valve protection cap, if any. The specification sets the 
maximum amounts of solvent that may be added Lo an acetylene cylinder. These 
values range from 35 to 40% of the volume of the cylinder shell (measured by its 
water capacity), depending on the porosity of the filler, 
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The Bureau of Explosives also requires and rigidly enforces is regulation that 
when an acetylene cylinder is filled, its internal pressure may not exeeed 250 p.s.ig. 
ab TO?F. 

Filling Cylinders with Acetylene. The filling of acetylene cylinders requires 
the compression of acetylene to pressures of about 300 p.s.i.g, The technique calls 
for careful design and construction of cylinder-charging plants, taking into account 
all hazard factors. Acetylene is compressed by standard-type compressors, which 
are run usually at, slightly lower than normal speeds. Considerable caution is exer- 
cised to be sure that intermediate- and after-cooling arc maintained adequate and 
constant, All piping, valves, and fittings carrying acetylene at pressures in excess of 
15 p.s.i.g. are heavily constructed to withstand the maximum possible decomposition 
foree to which the acetylene within might subject them. 

The amount of acetone required to be added during charging depends upon the 
construction of the cylinder and its internal condition, the temperature at which it 
was used, and the degree to which its contents were used up. Empty cylinders are 
carefully weighed, and acetone is added when necessary. The precharging weight 
is carefully noted on each individual cylinder. This precharging empty weight is not 
necessarily the tare or stencil weight of the cylinder. Weighed empty cylinders are 
usually connected in groups to charging manifolds. A nominal pressure differential 
is maintained hetween the compressor and the cylinders so that charging of the 
cylinder will not he too rapid nor will any large pressure drop occur across any valve 
or fitting in the piping system. Since the absorption of the acetylene in the acetone 
gives rise to a considerable heat of solution, it is common practice to apply water 
sprays to the cylinders during charging in warm weather. 

The contents of charged cylinders are determined by weight. Hach cylinder is 
also checked for any possible valve or fuse-plug leaks. In addition, a constant 
running check is made of cylinders picked at random to make certain that the 250 
p.s.i.g. pressure at, 70?F. limitation of the Interstate Commerce Commission is not 
exceeded, 

Economic Aspects of Using Acetylene from Cylinders. The shipping of 
acetylene adds considerably to the consumer cost of the product because it cannot 
be transported in liquid form or as a free gas under high pressure. On reacting 
completely, calcium carbide gives off acetylene equal to about 31% of its weight. 
Caleium carbide is thus the cheapest form in which to transport acetylene by 
common carriers. Acetylene, compressed and dissolved in cylinders, represents less 
than 10% of the total shipping weight and, when the fact that the cylinder must be 
returned empty is taken into account, the net efficiency of shipping is actually less 
than 5% of the gross weight. 


Analysis 


Acetylene in high concentrations may be determined by three methods: 

(1) In apparatus of the Orsat type (see Gas analysis) acetylene is absorbed in 
fuming sulfuric acid. Olefins are also absorbed. 

(2) The gas is passed into silver nitrate solution, precipitating silver acetylide 
(see '"Dorivatives," page 12), and the resulting nitrie acid is titrated. Olefins do 
not give this reaction, but ammonia and hydrogen sulfide arc interfering substances, 
The accuracy is about +0.5% (based on the whole sample), and the method is 
somewhat less accurate than (1). 
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(8) For extreme aecuraey, fraetionation in a column of the Podbielniak or 
McMillan type is recommended. The still must be operated at slightly above 
atmospheric pressure to eliminate the freezing of acetylene in the colunn. 

Acetylene in concentrations from very slight traces up to 2% ean he determined 
by passing the gas through an ammoniacal solution of cuprous chloride. The 
presence of acetylene is indicated by a pink or red previpitate of copper acetylide, 
which may be determined colorimetrically or gravimetrically. Higher concentra- 
tions of acetylene can also be determined with the same solution in apparatus of the 
Orsat type, provided carbon monoxide is absent. 

Analysis of Acetylene for Impurities. Unpurified acctylene ordinarily contains 
about 99.6% acctylene on a dry basis. Apart from water, the chief impurity is air, 
which may amount to approximately 0.2% to 0.4%. The remainder is mostly phos- 
phine, ammonia, hydrogen sulfide, and, in some instances, small amounts of carbon 
dioxide, hydrogen, methane, carbon monoxide, organic sulfur compounds, silicon 
hydrides, and arsine. Purified cylinder acetylene is substantially free from phos- 
phine, ammonia, hydrogen sulfide, organic sulfur compounds, and arsine. The other 
impurities are nearly the same as in the original gas, and acetone becomes the princi- 
palimpurity. Ona volune basis, the acetone in the gas issuing from a full eylinder 
amounts to roughly 2% of the acetylene, but it must be remembered that the con- 
centration of acetone will depend on a number of factors, such as temperature, the 
pressure in the cylinder, and the rate of delivery of the gas. The percentage of 
acetone tends to increase as the cylinder discharges, and is greatest just as the 
cylinder approaches atmospheric pressure. The acetone in the gas may be removed, 
and if necessary determined, by passing through water, activated charcoal, or a 
freezing unit, but in the last method the formation of liquid or solid acetylene must 
be carefully avoided. The quantities of moisture carried by acetylene uncer various 
pressure and temperature conditions may be determined by ordinary psychrometyric 
methods (see Humidity). 

Determination of Oxygen in Acetylene. A sample of the acetylene is treated 
with a suspension of manganous hydroxide in the presence of potassium hydroxide- 
potassium iodide solution, and the acetylene is then removed with a vaeuum pump. 
Any oxygen present oxidizes the manganous hydroxide to higher valence states, and 
on the addition of sulfuric acid the equivalent amount of iodine ts liberated. Thus, 
indirectly: 


O: + 4M — 2 H0 + 2I, 


The iodine is titrated with sodium thiosulfate. Hydrogen sulfide, if present, will 
react with the liberated iodine as follows: 


HS + I —— 2HI +8 


Hence one volume of hydrogen sulfide reduces the apparent oxygen content by one- 
half volume and, if appreciable hydrogen sulfide is present, it should first be removed 
by passing the sample through lead acetate solution. 

Alternatively, oxygen may be determined volumetrically in the usual manner 
by absorption in alkaline pyrogallol after treatment with fuming sulfuric acid. 

Determination of Phosphorus and Sulfur in Acetylene. A measured volume of 
acetylene is passed slowly through a 8% sodium hypochlorite solution; any phos- 
phine present is absorbed and oxidized to phosphate, which can be estimated as 
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ammonium phosphomolybdate. Acetylene ean also be passed through fuming 
nitric acid to absorb both phosphorus and sulfur, which can be determined as 
ammonium phosphomolybdate and as barium sulfate. If hydrogen sulfide is re- 
moved first, the organic sulfur can be determined in this way. Total sulfur can also 
be determined by a modification of the London Gas Referee’s method for coal gas, 
using larger equipment. A measured sample is burned in air containing ammonia, 
and the resulting ammonium sulfate and sulfite are removed in a water scrubber. 
After oxidation of any sulfite to sulfate, the total sulfur is determined as barium 
sulfate. 

Determination of Ammonia in Acetylene. The ammonia is absorbed in dilute 
hydrochloric acid and estimated by the Nessler method after the dissolved acetylene 
has been driven off. 


Industrial Uses 


Acetylene production in the U.S. has been of the order of 400,000,000 1h, per 
year. Of this, about 30% has been used for such applications as welding and lighting 
(the latter being of minor importance), and 70% for chemical syntheses. It is possi- 
ble to use acetylene for an almost infinite number of organic chemical syntheses, but 
its use in this country has been less intensive than in Europe owing to the ready 
availability of petroleum, from which competitive syntheses are often possible, in 
many eases through ethylene (g.v.). 


CHEMICAL USES 


The syntheses from nectylene of greatest inportauee in Ameriea are listed 
briefly below: 
Acetaldehyde: sec Acrtaldehyde; Acetic acid. 


Jigso 
CH:iCH + H,0 —— — ΟΠΙΟΗΟ 
cil, H2804 


Tetrachloroethane: see Chlorine compounds, organic; Solvents, 
CH:CH + 2 Ch ———> CHChLCHCh 


Chloroprene: see Rubber, synthetic. 


‘ 


aqueous soln, of 


2CH:iCH  ——————  OCH:C.CH: CE 


copper salt vinylaeotylene 
CH:C.CH: CH, + HCl (gas) ———> CH: CCLCH: CH, 
clloroprenc 


Vinyl Chloride and Vinyl Acetate: sec Vinyl compounds. 
CIH:CH -F HCl -———5 CH»: CHCI 
CH: CIL + CH,;COOIL ———> CHsCOOCH: CH, 
Of secondary importance are the manufacture of vinyl ethers, aud of acetylene 


black (see Carbon), numerous misccllancous vinylations, and syntheses of biochemical 
materials such vitamin A. 


In Germany during the years 1925-1945, under the direction of Dr, Walter 
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Reppe, the reactions of acetylene to produce industrially important chemical. were 
greatly extended. Some of the applications are mentioned below: 
Butadiene: see Butadiene; Rubber, synthetie. 

Copper 


CIRCIL + 2 CH.Q ——— CILOILCHCCIBOH 
wetyhde — 2-butyne-1, Eidiol 


CILOIL C, C. CELOH + 2 He » CILOIT CITCE;CTIL;OIT 
Ld-batunediol 





CIL, —CIL, 
CILOILCH,CILCITOIE. —— —/! i +O 
ChL CIR 
s ο’ 
% tetrahydrofuran 
CH,—CH, 
| | ——3 CHaGCIICI:CH, 4 HO 
CIL CI 
^04 butadiene 


Propargyl Alcohol μπι] Αγ] Alcohol (q.v.): 


CEH:CH + CHG — > CH;C.CH;O0H 
propa ivl aleohol 


CH;C.CILOH 4 Ly, — 3 CH: CHCH.OTL 
ally] aleohot 
Acrylonitrile (g.v.): 
Nieuwland 


CH:CH 4 HON ——— Cie: CCN 


catalyst 


Vinyl Ethers: 


KOTI ın 
CHCH + ROIM ——— CH: CHOR 
alcohol 
Methyl vinyl ether can be hydrolyzed, yielding methanol and acetaldehyde, and in 
this way acetylene can be converted to acetaldehyde without the use of a mercury 
eatulyst (see also Acelaldchyde). 
Vinyl Amines anc Vinyl Phenols: sce Vinyl compounds. 


VAS E 
κο Zn 
U + oman SD, O C) 
^ N 
M N 


H CH: CH; 
vinylearbazole 
OH OFT 
^ zinc CH: CHy 
+ GH:CIL —-———— 
naphthenata 
ΟΠΙΟΠ(ΟΠῥ. CHCH (CH) 


2-vinyl-4-isobutylphenol 


Other syntheses involving the reaction of acetylene with carbon monoxide in 
the presence of a catalyst had been worked aut in the laboratory stage by Dr. Reppe 
and his co-workers. 
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A most interesting synthesis was the polymerization of acetylene, in the pres- 
ence of nickel cyanide catalyst, to cycloéctatetraene (see Hydrocarbons), which has 
the structure: 

CH=CH, 


CH CH 


| | 
CH CH 


`5NCH=CH 


Cycloéciatetracne is a very reactive substance. It rearranges readily to form 
styrene (qa). On hydrogenation and oxidation it yields suberia acid, COOH- 
(CHy)gCOOH (see Actds, dicarboxylic), and may thus lead to compounds containing 
a straight chain of eight carbon atoms. 

Most of the new syntheses of Reppe were carried out under pressures up to 30 
atm. A very important part of the work consisted in developing techniques of 
handling acetylene under pressure and of determining the explosive limits under 
varying conditions of total pressure, partial pressure of acetylene, and temperature. 
References (8) and (9) give a summary of this work. 


ACETYLENE FLAME PROCESSES 


Oxyacetylene Flame (see Fig. 7). The overall combustion of acetylene with 
oxygen is expressed by the equation: 


3 ΟςΗ. + 5 ο, — d CO; -+ 2 HLO + 21,600 B.t.u./lb. 


In the oxyacetylene process the above reaction is actually carried out in two steps. 
In the first step, equal volumes of oxygen and acetylene are premixed and then 
burned by the blowpipe or torch according to the reaction: 


Col, + O2 ——— 2 CO + Ha + 7,470 B.t.u./]b. 
Secondary oxygen from the surrounding air completes the reaction: 
2CO + Hy + 1'/4 0, -—-—> 2 COe + H2O + 14,100 B.t.u./lb. 


These two steps of the combustion process are visible as they occur in a so-called 
“neutral” oxyacetylene flame. The inner cone of the flame is the well-defined region 
at the outer edge of which the partial combustion of the acetylene to carbon mon- 
oxide and hydrogen occurs. In the outer envelope, the carbon monoxide is burned 
to carbon dioxide, and the hydrogen to water vapor. 

The “oxidizing” oxyacetylene flame contains oxygen in excess of that required 
for a neutral lame. In appearance the oxidizing flame has a shorter inner cone and 
envelope and seems more concentrated than a neutral flame. It is also somewhat 
hotter than a neutral fame burning acetylene at the same rate. 

The “reducing” oxyacetylene flame contains aectylene in excess of that re- 
quired for a neutral flame. It is, of course, somewhat cooler than either a neutral or 
oxidizing flame burning acetylene at the same rate. It is characterized by the 
appearance of a third zone between the inner cone and outer envelope, known as the 
excess-acetylene ‘feather.” Since this feather contains white-hot carbon particles, 
some of which can be dissolved by the molten metal during welding, this condition is 
sometimes referred to as a “carburizing” flame. 

The reaction of acetylene with oxygen produces the highest flame temperature 
of any known mixture of gases. This temperature is variously reported as 5400 to 
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6300°F., a value of 6000^F. probably heing best upon whieh to base determinations. 
It is this high flame temperature plus the eoneentrated quantity of heat within 
the flame that accounts forits very wide usc in industry. 


Originally audawimarily the high temperature and concentrated heat of the 
oxyacetylene flame were used to melt and join certain metals by welding (q.0.). 


(a) 


(5) 





(c) 





Reproduced courtesy The Linde Air Products Company. 
Fig. T. Oxyacetylene flame: (a) equal volumes of acetylene and oxygen, (b) excess 
acetylene, (ο) excess oxygen. 


As the technique evolved, its scope widened until a point has been reached where 
practically all commercial metals can be welded with the oxyacetylene flame using 
available welding rods and fluxes. ‘“Hard-facing,” or protecting metal parts sub- 
jected to extreme abrasive or corrosive wear by welding on, a deposit of a wear- 
resisting alloy, has been perfected, as have several other specialized types of welding. 

The oxyacetylene flame is also used to provide quickly the high degree of heat 
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necessary for initiating the reaction of iron and oxygen to effect oxyacetylene cut- 
ting. This basic process has been expanded to include bevel cutting, plate-edge 
preparation, shape cutting, cutting of piled plates, gouging, and stecl conditioning. 

Since the oxyacetylene flame is so intense and can at th^ same time be accu- 
rately and easily controlled, many other processes that make use of it have been 
developed. Among these are heating for bending, straightening, or forming; for 
strengthening, softening, or hardening; and for removing scr'e and rust from steel 
before painting or machining. 

Many oxyacetylene provesses have becn mechanized to give greater speed, 
accuracy, and economy. Machine-welding blowpipes and welding machines for 
applications such as tube welding have been produced. Circle-cutting, straight-line 
cutting, bevel-cutting, and shape-cutting machines have been developed, as well as 
machines for such specialized purposes as cutting pipe to size, cutting steel bars and 
billets for forging blanks, and conditioning semifinished steel by removing a thin 
layer with surface defects as the steel speeds down the roll table. Flame-hardening, 
flame-softening, and other oxyacetylene metal-treating processes can also be exe- 
cuted mechanically. 

The oxyacetylene flame is commonly used as the heating source for a nonfusion 
type of metal joining called ‘pressure welding.” In this process the metal surfaces to 
be joined are carefully cleaned and fitted. The area about the joint is then heated 
to a temperature below the melting point of the metal. The two surfaces are 
pushed together under a pressure sufficient to produce a slight upset of the metal. 
A plastic flow occurs, actually combining metallic grains across the joint. The oxy- 
acetylene flame is removed at this instant and the members are allowed to cool, 
The process has been successfully used for pipe-line work, compressed-gas cylinder 
manufacture, and other similar applications. 

Among miscellaneous applications of the oxyacetylene flame is one method o1 
wood treatment that produces an antique finish. Charring the surface of wood also 
is used as an aid in preservation. There are also oxyacetylene processes for leather 
edging, glass finishing, and insulation burning. 

In the U.S. and Canada all oxyacetylene welding and cutting equipment is in- 
stalled and operated in accordance with the Standards of the National Board of Fire 
Underwriters (4). 

Air-Acetylene Flame. The air—acetylene flame produces a comparatively high 
flame temperature, is nonoxidizing, nonearburizing, and ean be accurately con- 
trolled. Tor these reasons it is popular for numerous operations. The smaller sizes 
of acetylene cylinders, with nominal capacities from 10 to 40 cu.ft., are usual in such 
work. The air-acetylene flame has been widely used for soldering (q.v.), particularly 
in copper and copper-alloy tubing fittings used for domestic and industrial service 
piping and in refrigeration and air-eonditioning work. It is also used for general 
soldering work in both production and repair. The removal of paint is facilitated by 
using & special torch tip that spreads the air-acetylene flame out into à sheet varying 
in width from !/; to 3 inches. 

Acetylene can be burned with air to give a flame of high luminescence. This 
particular property accounted for its very wide use in lighting during the early part 
of this century. Although it has been largely supplanted by incandescent lighting, 
the acetylene flame still enjoys deserved popularity for emergency, temporary, and 
portable work. 
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An interesting application of the air-acetylene flame is in the use of the halide- 
leak detector, This device employs the flame to heat a copper reaction plate. 
Attached to the burner is a length of flexible tubing through which a part of the air 
for combustion is drawn. In normal atmospheres the produets of combustion that 
leave the copper reaction plate are clear and have a very light-blue color. Whenever 
a compound containing a halogen is drawn iuto the eombustior air, the burner de- 
composes it into the corresponding hydrogen halide, which colors the products of 
combustion leaving the reaction plate. A green or violet color appears almost in- 
stantancously in the flame, the color depending upon the concentration of the halide 
in the air. Probing around a piping system or container holding a halide gas can 
reveal the presence of leaks down to concentrations as low as 50 pp.m. Except in 
special cases when all necessary precautions are Óaken, this method of leak detection 
is not reeommended for combustible halide gases such as ethyl clloride, but it is 
applicable to the Freons (see Fluorine compounds, organic; Refrigeration). 


Derivatives 


Acetylides. Hither one or both of the hydrogen atoms in the acetylene molecule 
ean be replaced by metals to form acctylides. Certain carbides (g.2.), among them 
ealeium carbide, can be regarded as acetylides. 

Sodium acetylide, CIL:CNa, is formed by the action of acetylene on a solution 
of sodium in liquid ammonia. Disodium acetylide or sodium carbide, CeNag, is 
formed by heating the monosadium acetylide in a vacuum at 200-400°C. Analogous 
compounds of potassium can also be made. Both the monosodium and mono- 
potassium acctylide are white compounds that are decomposed by water to yield 
acetylene: 


CHI CNa t IEO ———> CH:iCIL + NaOH 


Copper, silver, and mercury form acebylides that, when dry, are highly explosive. 

In group IB gold is exceptional in that it does not form an aeetylide. Copper 

acetylide, CuC:CCu, is used in very small quantities as an ingredient of explosives. 

"Treatment of the wet acetylide precipitates with dilute acids regenerates acetylene: 
AgCiCAg + 2 1Cl-—-—> CLI:CH + 2 AgCl 


This method is convenient for disposing of these precipitates with safety. 

Cuprene is a solid condensation product of acetylene, which is obtained if the 
gas is heated to 200-250°C. in the presence of copper or copper oxides. 

Erdmann and Koethner (16) first reported a special type of condensation prod- 
uct when acetylene was heated to about 230°C. in contact with copper. The same 
material was obtained by Sabatier and Senderens, who gave it the name cuprene. A 
detailed study was made by Kaufmann and Schneider (18,19). Comprehensive 
summaries ou cuprene are given by Calhoun (15) and Herzog (17). Short chapters 
on euprene are also given by Nieuwland and Vogt (5). 

Cuprene is a solid amorphous material, varying in color from a dark-brown to a 
light-yellow and in form from a light floceulent powder to relative dense corklike 
masses, depending upon the conditions during its preparation. 

Cuprene is extremely inert chemically and is indifferent to most acids or alka- 
lies, Heating cuprene with concentrated nitric acid yields mellitie acid (benzene- 
carboxylic acid), Cs(COOH), (19). Addition products of cuprene with hydrogen 
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chloride and hydrogen bromide: and also with sulfur have been reported. By 
distillation with zine powder cuprene yields naphthene, cresol, naphthalene, etc., 
according 1o the temperatures employed (17). No solvent for cuprene is at present, 
known. It cannot be sublimed in vacuo at 300°C., but will decompose at higher 
temperatures with the evolution of oily substances of a highly complex composition, 
leaving a residue of amorphous carbon (15). If ignited in air, cuprene will burn 
slowly wilh a smoky fame. Values for the heat of combustion are given between 
9,300 (15) and 10,203 cal. per gram. All the propertics of cuprene indicate a sub- 
stance of high complexity so that no simple formula for it can be entertained. 
Sabatier and Senderens suggested a tentative formula (CHa) Kaufmann and 
Sehnceider (19) found compositious varying from (CuHw), to (CisHw),. Bates and 
'Taylor and Calhoun (15) give à basie formula of (C4H;),. The probability exists 
that euprene is à mixture of condensation products of varying formulas. 

The preparation of cuprene is relatively simple. If acetylene is heated to 200- 
250°C. in the presence of copper or, better, of finely-divided copper oxides, con- 
densation will take place on the catalyst. The reaction starts at about 200°C. and 
at first proceeds rapidly with considerable liberation of heat, then slows down 
gradually. Increase in temperalure will increase the rate of reaction, but at tem- 
peratures above 800°C. carbon is formed in place of euprene. The condensation 
product is a dark-brown flocenlent powder at first hut it becomes lighter in color and 
denser in structure as condensation progresses. Yields of 80-93% have been re- 
ported (15). 

A by-product of the cuprene formation is a greenish oily substance. This oil 
has been analyzed by Schlaepfer and Stadler, who found it to be a mixture of aro- 
matie hydrocarbons with small amounts of olefins and paraffins. By circulating 
acetylene over a cupric oxide catalyst ut 200-300?C., Calhoun obtained yields aver- 
aging about 85% of cuprene, the remaining pases being ethylene, ethane, and 
hydrogen. 

Solids resembling cuprene have also heen obtained by using niekel and cobalt as 
catalysts by the action on acetylenc of silent clectric discharges (19), high-frequency 
magnetic fields, cathode rays, ultraviolet light of a wave length below 2537 A., mer- 
eury photosensitizalion, and alpha particles from radon. However, iu most of these 
methods the rate of reaction is too slow to make them practicable, so that only the 
condensation with copper or copper oxides is of economie interest, 

Before World War II cuprene was produced commercially in Europe (17) 
mainly by two companies, the Elektrizitátswerk Lonza, Basel, Switzerland, aud 
Naamlooze Vennootschap Electro-Zuurstof-en-Waterstoffabriek, Amsterdam, Hol- 
land. No details as to production methods, amount of production, prices, or 
markets are available. The only information is obtainable through the quite ex- 
tensive patent literature. In North America cuprene is not produced commercially. 

The peculiar properties of cuprene, chemical inertness, low apparent density, 
high absorption capacity for liquids, and resistance to wetting by water, brought a 
number of suggestions as to its use, mainly in the patent literature. Among them 
are: a cork substitute in life belts and life rafts, an ingredient in plasties and rubber, 
an acid-resistant clectrical or thermal insulation material, an absorbent material for 
liquid oxygen or nitroglycerin in explosives. In this last application euprene has been 
used in large quantities in Germany. A high-grade adsorptive material is claimed 
by treating cuprene in an atmosphere of hydrogen. 
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ACETYLENE BLACK. See Carbon black: Pigments. 
ACETYLENEDICARBOXYLIC ACID, HOOCLC:C.COOE, See deds, carbozylie 
ACETYLENE DICHLORIDE, CHC]: CHCl See “1,2-Dichloroethylene”™ under 


Chlorine compounds, organic; Solvents. 
ACETYLENE SERIES; ACETYLENIC HYDROCARBONS. See Hydrorarbons, 
ACETYLENE TETRABROMIDE, CHBrCHBr. See 1,1,2,2-Tetrabromocethane’ 


under Bromine compounds, organic; Solvents. 


ACETYLENE TETRACHLORIDE, CHCLCHCL See 1,1,2,2-Tetrachloro- 


ethane” under Chlorine compounds, organic, Solvents. 
ACETYL FLUORIDE, CH3COlP. See Acid halides. 
ACETYLIDES. Sce Acetylene; Carbides. 
ACETYL IODIDE, CH;COL. See Acid halides, 


ACETYL-8-METHYLCHOLINE CHLORIDE, CH4;COOCH(CH3)CHSN'H g9)34CI. 
See Choline; Stimulants of nervous aystem. 


ACETYL PEROXIDE, (CH;CO)20.. See Perorides, 
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ACETYLSALICYLIC ACID 


Acetylsalieylie acid (o-acetoxybenzoic acid), o- CH4COOCSE4COOH, formula weight 
180.15, usually known as aspirin, is the ester of salieylie acid (q.».) and acetic acid, 
The name aspirin is derived from the early name for salicylie acid, whieh was 
originally known as aeidum spiricum because i, was first isolated from Spiraca 
ulmaria. Normally acetylsalicylic acid oecurs iu the form of white, tabular or 
needle-like crystals or as a erystalline powder, Ht melts at 135-137 C. when heated 
rapidly. "The procedure for melting point determination adopted by the U.8.P. 
requires grinding the acid to a No. 100 powder and drying over sulfuric acid over- 
night; the capillary tube is placed in a bath heated to 130? and the temperature is 
ealeed 3? per minute until melting occurs. At 25°, one gram of acetylsalicylic acid 
is soluble ii 300 ml. of. water, in U? mL of ehloroform, aud in 5 mil. of alcohol. Hy- 
drolysis occurs when the acid is dissolved in aqueous alkali; i1 cannot be reerystal- 
lized from boiling waler without partial decomposition, 

Acctylsalieylic acid, in common with (he other salieylates, lowers the body 
temperature of a person with fever and is also capable of alleviating certain types of 
pain. However, the analgesic effect is much less thin that of morphine. Aspirin is 
widely used as a palliative for minor pains and colds (see Analgesics). 

Acetylsalicylic acid was firsL prepared by Gerhardt (1853) and by Kraut (1869) 
by the action of acetyl chloride upon sodium salicylate or salicylic acid. Despite 
these early reports, a U.S. patent (8) was granted to Hoffmann (1900) for the 
preparation of acetylsalicylic acid by the action of acetic anhydride on salicylic acid. 
The patent presumably was issued because the product made in this way was 
shown to have different properties duc to a different degree of purity from any 
previously deseribed. This patent marked the beginning of the commercial use of 
aspirin. Several procedures for improving the acctic anhydride acetylation inethod 
and for using other aectylating agents have been described in the patent literature. 
It was noted by Lederer (9) that sulfurie acid catalyzed the reaction between 
salicylic acid and acetic anhydride. It, was claimed by Slagh (12) that reerystalliza- 
tion from 1,4-dioxane gives a coarse, free-flowing, high-density prodnet free from 
salicylic acid, whereas befizene or carbon tetrachloride yields a light, fluffy material 
difficult to utilize in a pharmaceutical product. The reaction of salicylic acid with 
ketene in ether solution was claimed by Nightingale (11) to be à suitable method for 
preparing acetylsalicylic acid. This process is uot used commercially, in part be- 
cause the reaction does not stop with esterification of the phenolic group; the 
carboxyl group may react further to yield a mixed anhydride. The production of 
ketene polymers and their derivatives also complicates this process. Furthermore, 
acetic anhydride is available at a low cost aud is more readily handled than the 
gaseous and highly reactive ketene. It was found by Balthazard (10) that the 
reaction of p-loluenesulfonyl chloride upou a mixture of salicylic acid or sodium 
salicylate and sodium acetate produces acetylsalicylic acid in good yield when the 
mixture is heated to 100-150°C. The by-products of the reaction are water-soluble, 
This method has not attained commercial significance. 

A satisfactory commercial process for manufacturing acetylsalicylic acid should 
give a 90% or better yield of product, having a low salicylic acid content and good 
stability, which is suitable for tablet making without recrystallization. Various 
procedures employing acetic anhydride, usually with a solvent, fulfill these require- 
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ments. The most commonly used solvents are carbon tetrachloride, glacial acetic 
acid, a petroleum liydrocarhon fraetion, and benzene. Toe produet, after separa- 
tion from the reaction mixture by filtration or centrifugation. may be freed of reac- 
tion by-products by washing with water or one of the orgauie solvents already imen- 
tioned. The use of gkiss-lined or stainless steel reaetion kettles is enstomiary. De- 
tails of a process used in Franee for manufacture o£ a-pirin. lave beeu given by 
Berey (3). A mixture of 250 kp. of acetic anhydride, 300 ke. of acetic acid, and 250 
kp. of salieylie acid in an aluminum reaction vessel is heated under agitation to 
60°C,, and then 1 ke. of sulfuric acid in 2 ke. of acetic acid is added. Fhe tempera- 
ture is slowly increased to 90° then cooled to 20°, whereupon the produet erystal- 
που, The crystals are filtered, washed with distilled water, and dried. The yield 
is about 90% of theoretical. Similar procedures lave been described in Germau 
publications. 

The production of acelylalicylic acid in the Wuited States during the yeur 1044 
amounted to about 9,400,000 Th., the quantity sold being slightly less; the total pro- 
duction in 1046 was 4,852,000 Ih. Phe amount of aectylalicylie aeid soll in 144 was 
about three times the quantity of methyl salicylate (see Salicylic acid), the next most 
important salicylic acid derivative. The average sales price for L944 was 80.39 per Lb, 
and the priee quoted for March. 1047. wis 80.50 per Ib. 


Derivatives 


In view of the ease with which acetylsalieylie acid undergoes hydrolysis, the 
preparation of its alkali und alkali metal salts requires special conditions. Several 
patents have been issued dealing wilh the preparation of the soditun and caleim 
salts and with their value as therapeutic agents.  Acctylsaticylic acid is converted 
into acetylsalieyl ehloride by phosphorus pentachloride in petroleuni ether, whereas 
the action of thionyl ehiloride, pliasgeue, phosphorus oxyehloride, or phosphoreus 
trichloride in benzene produces ihe anhydride. Diazomethane converts the acid 
into the methyl ester (ap. 54°C.), which is, however, made more readily avail 
able by the acetylation of ethyl salicylate. 

5-Bromoaspirin (acetyl-3-bromosulicylic avid), CH CO CoH (Br)COeH, formula 
weight 259.07, is a white crystalline solid, m.p. 168°C. Teehnieal material melts 
between 155 and 164°C. It is practically insoluble in water, carbon tetrachloride, 
and benzene. "The solubility iu ethyl aleohol is approximately 16 grams per 100 
granis of solvent, aud in ether, 10 grams per 100 grams, at 259°C. The preparation 
of bromoaspirin follows closely that ef aspirin, 5-bromosulieylie acid being acetylated 
with acetic anhydride, The product is manufactured in minor amounts for syn- 
theses aud experimental use». 

Iodoaspirin. A technical acetylx-iodosalieylie: acid, CHSCOSCSHSQD COH, 
formula weight 306.07, is prepared from acetic anhydride und a-monotadosalieylie 
acid (14). The produet eousists of white erystals melting in tbe range from 161 to 
168°C.; a melting point of 175? is reported for the 5-iodo derivative. It is prac- 
tically insoluble in water, benzene, or carbon tetrachloride, ancl only 3 grains dis- 
solve in 100 grams of ethyl aleohol or ether at 25°C. Only small quantities have 
been manufactured, for experimental purposes, 


126 N-ACETYLSULFANILYL CHLORIDE 


Bibliography 


(1) Anon., Chem.-Zlg , 51, 748 (1027). 
(2) Beilstein, 4th ed., Vol. X, p. 67. 
(3) Berey, A., La Nature, No. 2977, 462 (1930). 
(4) Goodman, L., und Gilman, A., The Pharmacological Basis of Therapeutivs, Macmillan, N.Y., 
1941, pp. 224-35. 
(6) Rojahn, C. A., Deut. Apoth. Ztg., 50, 1095, 1183 (1935). 
(6) U.S.D., 23rd. ed., p. 14. 
(7) U.S P. XII, p. 13. 
(8) U.S. Put. 644,077 (Feb. 27, 1900), F. Hol mann (to Farbenfabriken of Elberfeld). 
ϱ U.S. Pat. 671,769 (April 9, 19015, Y. Lederer. 
(10) U.8. Pat. 749,980 (Jan. 19, 1904), B. Balthuzard (to Soc. chim, des usines du Rhéne, Ancience- 
ment, Guilliard, P. Monet et Cartier). 
(tL) U.S, Pat. 1,604,472 (Oct. 26, 1928), D. A, Nightingale (o Ketoid Co.). 
(12) U.S, Pat. 2,209,019 (July 23, 1940), H.. R. Slagh (to Dow Chemical Co.). 
(13) US.Pat.2,248,112 (July 8, 1941), C. A, Neustein (to Miller Chemical Works). 
(14) Ger. Pat. 224,537 (July 7, 1910), M. TInase. 


C., M. SUTER 
V. À. rencer (5-Bromoaspirin and Iodoaspirin) 


N-ACETYLSULFANILYL CHLORIDE, CH,CONHOCHLSOsCL See Acetanilide. 
ACHESON PROCESS. See Carbides; Carbon, industrial. 


ACID ANHYDRIDES 


Acid anhydrides are compounds that react with water to form acids only. In 
inorganic chemistry the {erm is applied to most oxides of nonmetals (see Oxides; 
Carbon dioavide; Phosphorus compounds; Sulfur compounds; ete.). Most organic 
acid anhydrides have the type formula (RCO).O, in which the two R groups are 
generally the same, and are named from the corresponding acids (see „Acetic 
anhydride; ‘“Benzoic anhydride” under Benzoie acid; cte.). They may be thought 
of as acid derivatives in which one molecule of water has been removed from two 
carboxyl groups: 


and iudeed severe dehydrating conditions do produce this reaction. However, heat 
alone does not produce very satisfactory results except in converting dicarboxylic 
acids such as suecinie and phthalic acids to the easily formed 5- or 6-membered 
eyclic anhydrides: 
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Ketenes, RCH: CO or RC: CO, are intramolecular anhydrides of varhoxylic acids, 
hut are usually discussed as a separate class of compounds (see. Kefenes).— Mixed 
acid anhydrides are also known, the most important being aeid halides (qe), for 
example: 


Ordinary (intermolecular) organie acid anhydrides are neutral liquids or solids 
which boil at higher temperatures than the corresponding acids. The liquids are 
irritating to the eyes, nose, and throat. Anliyclrides are relatively soluble iu organie 
solvents. Acid anhydrides are used for introduciug the RCO— radical (acyl 
group) um the place of hydrogen atoms attached te oxygen, sulfur, nitrogen, of, 
rarely, carbon atoms (sec cleylation; Esterificatiun). 


GUO40 + ELO ———9 2 RCOOEH 


wrid 
(RCOO + WOH  ———-— RCOOR’ + RCOON 
alcohol or phenol ester 


(RCOJQ -- CGHSNEL ——— RCONHCGH + RCOOH 
aniline anilide 
They are used when the acid itself resets too sluggishly, and are preferred to the 
nore active, but more expensive, acid chlorides in the munnfacture of such prodnets 
ax cellulose acetate, acetylsulicylic aeid (aspirin), and plasties made by esterification 
processes. 


Important Organie Acid Anhydrides. 

















Name Formule M.p., ο. Bp. PC- | 1 
Acetic anhydride (CH4COA0 | -73 | 139.6 | 1.082 
Propionic anhydride (C.1T,GO}.0 -45 168 | 1.012 
Butyrie anhydride (CH;CE;CHs4COXO — | -75 | 194 | 0.909 
Succinie anhydride CH CO | 120 | 201 | 1.104 
Ὃ | | 

| ζ΄ | 

CILCO | 
Maleic anhydrirle CHCO 52 199 1.509 

| % | 

| ο 0 

CHCO 

| 
Benzoie anhydride (CsH;CO).0 49 360 1.199 
| 
Phthalic anhydride | (re c | I3.6 205 1.527 
| Do | 
po SO | 
| . | 
¥ | 











After Fieser, L. F., and Fieser, M., Organic Chemdstry, Heath, Boston, 1044. - 








The lower anhydrides react with water more rapidly than the higher, which 
require long heating because of their slight solubility. The more active auhydrides 
can be used to remove water from salt hydrates or in reactions such as nitrations 
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and sulfonations, Acid anhydrides also. undergo the Perkiu reaction with aromatic 
aldehydes to yield, usually, c, g-unsaturated acids (see Acetic anhydride). 
The best-known process for making anhydrides is to condense an acid ehloride 
with the sodium salt of the acid: 
RCOCI 4- RCOONa ———— (RCO).0 4+ NaCl f 


In practice the acid chloride is not separately prepared. Instead, the sodium salt 
is treated with just enough phosphorus oxychloride, sulfury! chloride, or the like, 
to convert half of the salt to acid chloride, whereupon the condensation follows. In 
2 more recent proeoss, eatalytie addition of à earboxylie acid to acetylene yields au 
eihylidene diester, CH3CH(OOCRB)s, which produces an anhydride aud acetaldehyde 
when heated. Again, the addition of a carboxylic acid to ketene, made by cracking 
acetone, gives the anhydride directly: 
RCOOH + CH,:CO ———> RCOOCOCH, 


Malcie and phthalie anhydrides are manufactured by the catalytic vapor-phase 
oxidation of benzene and naphthalene, respectively. 


O. C, DinMER 


ACID-BASE SYSTEMS 


Acids, bases, and salts as distinet classes of substances have been recognized. since 
the days of alchemy. An acid or “spirit” is known to have a sour taste, the ability to 
change the color of certain vegetable dyes, and the property of dissolving metals, 
certain oxides, certain carbonates, ete., to form salts. These properties are neutral- 
ized by bases or alkalies. (Nee also Acids, carboxylic; Acids, inorganic.) 

The statements above merely express functions. Probably the first statement 
of "what acids are" was given by Lavoisier and was later elaborated and extended by 
Berzelius (especially in his dualistic theory, of which it was the essential part). This 
oxygen system of Lavoisier and Berzelius can be stated briefly as follows: Acids 
are oxides of nonmetals, bases are oxides of metals, and salis are double oxides of metals 
and nonmetals. 

Chlorine was recognized by Davy as an element; however, for a long time it was 
regarded by many chemists as an oxide becanse hydrogen chloride was known to be 
a typical acid. With the discovery of hydrogen iodide and prussie acid (neither of 
which contained oxygen), it was apparent that the presence of oxygen was not 
essential for a compound to have acidie properties. Liebig was the first to point out 
what Davy had suspected regarding the essential role of hydrogen in acids. Liebig's 
definition, an acid is a substance containing hydrogen which may be replaced by a metal 
to form a sali, is in many respects satisfactory today. The Arrhenius and also the 
Brgnsted-Lowry definitions are merely extensions and amplifications of this original 
Liebig definition. Moreover, the Lewis system (8) is essentially an amplification, in 
terms of modern theory of the structure of matter, of the Lavoisier oxygen definition 
of acids and bases and the Berzelius dualistic system. 


Hydrogen-Ion-Hydroxyl-Ion System (Arrhenius) 


One of the most interesting and important consequences of the Arrhenius theory 
of electrolytic dissociation was the clucidation of the nature of acids and bases and of 
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the mechanism of the neutralization reactions, Arrhenius’ definition states: An 
acid ds a substance which gives hydrogen ions in water and à base is a substance whieh 
gies hydroxyl ions in water. Neutralization is simply the reaction of these ions to 
form water: Ht + OH- > EO. This satisfactorily aceaunts for the constancy 
of the heat of neutralization of strong acids and bases. a fact: whieli previously bad 
been quite mysterious. The relative strengths of acids and buses could now be ex- 
pressed quantitatively in terms of their “dissociation constants (Ostwald dilution 
law), today called their “classical dissociation constants,” represented by the sym bel 
Ra (see Equilibrium, chemical). Thus, acetic acid ionizes according to the equation: 
CIT.COOH z-—— H7 4- CH&COO 


Ky = 





aud ammonium hydroxide ionizes as follows: 





NH,OIL z——— NHT 4 OU” 


ο INHIEIOTU] 
Re = axi] 

The hydrogen ion, being nothing but a proton with no eleetrons at all, is mueh 
smaller than any other iot or atom, and i3 prabably abways “solvated.” To express 
this fact, the hydrogen ion in water is often represented by the syinbol H,Q+ and 
called the “hydronimn ion.” 


pH Formulation (see also Aydrogen-ion concentration: Indteaiors). Siumewhat later Sørensen 
invented the pH system to express quantitatively the acidity or alkalinity of aqueous solutions. 
Since the purest water has w hydrogen-ion wad also a hydrosyl-ion concentration of 1 1077 gram- 
mole per liter, and this is neutral, it fullawws that an aeidie solution hus a hydrogen-ion concentration, 
[H+], greater than 1X 1077 aud a hydroxyl-ion eoneentration, [OlM~], less than 1X 1077, On the 
other hand, an alkaline solution has an [H5] lessthan 1X 1077 and an [OH] greater than 1 X 1077. 
For exumple, in à 0.1 N solution of s very strong acid, [Hi] = 0.1 gram-mole per liter, andi [OH7 | = 
0,000,000,000,000, I. grain-iole per liter; zd in a 0.1 N solution o£ a very strong hase, [1+] = 0.000,- 
000,000,000, 1 gram-mole per liter, and JOIF Τ 5 0.1 gram-mole per titer. — 

It ean be seen that sueh numbers are awkward to handle and Sørensen suggested that they 
might. be expressed by the logarithms of their reciprocals: 


lop 1/[H*] 
log 1/ [OHT-] 


pH 
and ' pOH 


li 


i 


Siuce (H^1[OTE] 2 LX 107 in au aqueous sulutiou at 25?C., und [HAF] = bx [07 H/(0IE71 
or [OH-] 2 ! X 107 H/[EE* ], it follows that pH + pOH = 14 and either pli or pOH ean be em- 
ployed to deseribe quantitatively the weidity or alkalinity of the solution. Therefore in s 0, LV. solu- 
tion of a very strung acid, pH = 1 and pOHL = 13; ina neutri sulution, plE 2: 7 and pOH = 7; 
ind in à 0.1 N solution of a very slrong base, pIT = 13 and ΡΟ = 1, (In all the ubove examples 
the difference between “concentration” and “activity” is neglected; see Thermodynamics, chemical.) 

This pH system is usel universally today, but it is often eruployed ineorreetly and carelessly, 
Τι should be remembered that, strictly speaking, it refers to “aetivity” ον “thermodynamic concen 
tration” and is quautitatively correct ouly for aqueous solutions at 25°C. We cannot properly speak 
of tlie pTI of an aleoholie or other nonaqueous solution, first because in general we donot bave the 
exuet. quantitative data upon whieh to base our expression, and second beeause i£ we had, such an 
expression would not have the same signifieanes, quantitatively, asit hasin water, A solution in one 
solvent with [Ht] = £ X 1077 niay he very acidic, in another solvent. it may Le very basic, although 
if the solvent is water itis neutral, The Sérensen pH system refers only to aqueous acid-base solutions 
ab 86°C, ` 
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Solvo-Systems (Franklin-Germann-Cady) 


A full understanding of modern acid-base systems and concepts can be had 
ouly if one has a comprehension of the role played by the solvent. Vor this reason 
the elassieal investigation of. Franklin (4) aud his collaborators on liquid ammonia 
as a solvent has contributed fundamentally to our broader understanding of the 
nature of acids and bases. In liquid ammonia, ammonium salts are strongly corro- 
sive; they are indeed acids, and the ammonium ion, N HF, is the solvated hydrogen 
ion corresponding to H,0+. Metallic amides, NaNT, KNH,, ete., were shown by 
Franklin to be bases, with the property of neutralizing the ammonium salts, or acids 
(see Nidrogen system). Ammonia is regarded as undergoing autionization as follows: 





2 NH, ———2 NH} 4 NII; 


in à manner analogous to: 
2 Π.Ο τ------- Ot + OF- 


Hence Cady in 1928 gave the following general solvo-system definition of an acid 
and abase: An acid is a substance which in solution yields cations of the solvent, and a 
base is a substance which in solution yields anions of the solvent. The concepts are 
very general and nay be applied not only to protoni« solvents (that is, those from 
which a solvated hydrogen ion can be formed) but also to solvents containing no 
hydrogen: thus sulfur dioxide as a solvent is thought to ionize as follows: 


2 80, z——— 80? * + 8O2- 


and phosgene as: 
COCL z——- COCI+t + Cl- 


They cannot be applied, however, to inert solvents such as benzene or carbon 
tetrachloride. The solvo-system has been employed by only a limited number of 
chemists, partly perhaps, because most of us think in terms of “water chemistry,” 
but more fundamentally because in passing from water to another solvent it be- 
comes necessary to think in terms of new aud frequently unfamiliar ious. 


Proton-Transfer System (Brénsted-Lowry) 


The Arrhenius system by definition limits the acid-base concept to water, and 
the solvo-system, because of its limitations, never came into general use. In 1923 
Brgnsted in Denmark and Lowry in England suggested an elegant aud novel defini- 
tion of acids and bases that has overcome many of the restrictions inherent in other 
definitions, and is the one most generally in use today. In this system, an acid is a 
substance which will dissociate a proton and a base is a substance which will associate a 
proton, that is, 





acid base -+ proton 





For every acid there is a conjugate base. The acids and the bases can be anions, 
cations, or neutral molecules. 
HCl ——-~> Cl- + Ht 
acid base proton 
NH} ———» NH, + H+ 


acid base proton 
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The chloride ion, CIS, is the conjugate base of the seid hydrogen ehloride, and 
ammonia is the conjugate base of the acid NHE. The same substance em some- 
times be formulated as an acid or asa base, thus bringing to light amploterie proper- 
ties, 

Neutralization, in this system, is a reaction in whieh à proton 15 transferred tà a 
base, resulting in the formation of à new acid anda new base, for example: 


AC] + NH, === Cl + NEY 





acid; bases baser — aecidy 


This reaction always takes place in the direetion of formation of fhe weaker aeid, 
that is, the proton becomes associated with that group which has the least tendency 
to dissociate a proton or the greatest tendency to associnte a proton, “Neutraliza- 
tian" does not always result in i neutral solution. 

(The analogy hetween this formulation and that. uxed for oxiilation-reduetion 
reactions is apparent, for an oxidizing agent is a substauce which will assueiate in 
electron and a reducing agent is a substance whieh will dissociate an electron (see 
Oridation-reduction). [n 1923 only two ultimate particles of matter were known, 
electrous and protons, aud if was peeuliarly intriguing to be able to express redox 
reactions in terms of eleetronie transfer and neutralization reactions in termes ol 
protonie transfer. Indeed this is the sort of shnplifieation and coordination that the 
seleutist is always seeking and seldom finding.) 

The ordinary neutralization reaction in aqueous solution is the transfer of a 
proton from a hydronium ion to a hydroxyl jon with the resulting formation of two 
neutral molecules of water, thus: 


HjiO* -r OH- ———2 ILO + H.O 
ueidi buses base, — uelda 


"This formulation emphasizes the amplioterie nature of water. Neutralization in 
liquid ammonia may be formulated in an analogous manner: 


NHY + Np -——» NH, + NE; 


aeih laeta huse; — acids 


A few examples of cation, neutral molecule, aud union acids and their conjugate 
bases ure given in Table E to illustrate the Brénsted-Lowry acid-base system, This 
table ineludes stroug, weak, and very wenk acids and bases (see also "able ED. 


TABLE I. Some Acids and Their Conjugate Bases. 





| 





Acids Conjugate 








: | Acids (neutral Conjugate | cids | | Conjugare 
ος (eations) ο bases . b molecules) — - puse d u ( anions) — | n bases 
ΠΟ» HO ! HCIO, GOI |! κοιν | SOT 
NHY ΝΗΡ ΙΓ ΠΩ 41” FO BO. | HPO} 
CSH;NHgó ΟΠΗ: | TESO, H8O; | HCOS | COP 
[ο ο ση | [Fe(I5O)4OID]?*. RPO | POT | uroi | Po? 
NHI NH; | CHCOOH | OCO | omo | os 
[Ου(ΠΌ}ἠ1- | [CELOR | LLCO, HCO; | NIG NH 
Nout Nal | HCN INT | NH NB 
CONT)? NIT: CCNTE; | ILO OH- | 

| NHs | NU | 
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This system lends itself well to rigorous mathematical treatment of acidity and 
alkalinity in both aqueous and nonaqueous solutions (pH is a statement of proton 
activity), and some of the reactions in water solution that appear involved. when 
formulated according to the Arrhenius system may be very simply formulated 
according to the proton-transier system. The ionization of strong and weak acids 
and bases is formulated according to the Bréusted-Lowry system below. These reac- 
tious between acids ancl water and between bases and water are neutralizations, but 
they do not yield neutral solitions. When a strong acid such as perchloric acid is 
dissolved in water the reaction: 


HClO, + H,O — — CIO, -F TRO * 
is essentially complete. A new compound (in fact a salt), hydronium perchlorate, 


has been formed. When a weak acid, for example, acetic acid, is dissolved in water 
the reaction: 


CIT,COOIT 4- 1:0 z———2 CIT;COO- + 150 * 





is complete only in a very, very dilute solution. A new compound (in fact a salt). 
hydronium acetate, has been formed. This compound, like hydronium perchlorate, 
is an cleetrolyte (completely ionized) but the reaction which results in its formation 
is incomplete, When a very strong base such as guanidine is dissolved in water the 
reaction: 


NH:C(NH3s - HO —— C(NH,)f + OH- 


is practically complete, and when a weak base, such as ammonia, is dissolved in 
water the reaction: 





NE: + H:O => NHF + OH- 





is incomplete, but in each case a new compound (in fact a salt) is formed. The term 
sali as used here is entirely synonymous with the term electrolyte. The solid salt is 
a crystal and the building units are ions that are held together principally by electro- 
static forces (electrovalence), the extent of covalency varying with the salt (scc 
Crystals; Valence). Acids form salts with the solvent; the reaction bringing about 
the formation of the salt is essentially complete iu the ense of strong acids and incom- 
plete in the case of weak acids. An analogous statement is true regarding strong 
and weak bases. The ‘classical? dissociation constants can be reformulated in 
terms of the above equations for the reactions of acetie acid and of ammonia with 
water as follows: 


ICH;COO-] [E40 *] 
(CH,GOOH| 


Kencootr 
and 


τς [NHT] [OH] 
Kum. — ÁO 

τ (NOH) 
and the constants will be constant if effective concentrations of the ions are employed 
instead of analytical or molecwar concentrations, From this it follows logically 
that the compounds sodium hydroxide and potassium hydroxide are not bases but 
salts, ancl the base in each case is the hydroxyl ion. 
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The dissociation constant is often expressed as the strength exponent pia or 
pg, given hy: 
pK, 2 —log K, 
and 


pk5 2 —log Ky 
analogously to the formulation of pH. Table IT gives PK values of a number of im- 


portant acids in water: in other solvents the pK vahws will be different. but the 
relative order of the acids may not be greatly changed, 


TABLE II. Strength Exponents of Some Important Acids. 














Acid Conjugate base | exponent NK a 
HCl Strong Cl Weak | —7 
H504 ΠΟ Negative 
HNO; i NO; [oO Negative 
HOt | | ELO —1.74 
ΠΒῸΣ | ROT | T4 
HSO: | HSO7 1.77 
IPO, UPO, 2.19 
[Fe(1,01,]5* | [ed hairy’ 2.2 
CICOOH CITCOO- 1.75 
[AICH,O4J2* [ALOEOS;OTI ]2* | 1.9 
HS80;7 soe 5.3 
HCO or COs | HCO 6.51 
ILS HS- 74 
LPO; | ΠΡΩΙ” 7.93 
ΠΟΙΟ CIO- s 
HON CN- i u2 
Ha4BO; i HBOs 9.2 
NHY ΝΠ 26 
UCOy COL 10.34 
Π.Ο, HOS 11.7 
HPO?” poi 12.46 
H&- ae 14.7 
HQ) | OH- | 15.07 
ο” Weak i Qi Strong 34 


Source: W. Foster and EH. N. Alyen, A2 Introduction lo General Chemistry, 2nd ed, Vun Nos- 
trand, N.Y., 0941, p. 232. 

Hydrolysis reactions are exactly similar to the above formulated reactions of 
neutral molecule acids and bases with water, but in these instances the reacting acids 
and bases are ions. Certain hydrolytic reactions that result in the formation of 
alkaline solutions may be formulated as follows: 





POL + HO se HPO} + OU 
UPOR + MO gm HPOF + OH” 
HPOL + ILO gom IRPO, + OTE 

COT + IO pam CO; 4 OH- 





HCO; + 4,0 z———2 IL5CO, -F ΟΠ” 
CH;COO- -+ HLO pa CH,COOH + DH~- 
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These give the essential reactions involved in the hydrolysis of phosphates, car- 
bonates, and acetates, The hydrolytic reactions resultmg in the formation of acidic 
solutions in the cases of solutions of ferrie, anilonium, and ammonium salts may he 
formulated as follows: 


[Fe(HaO)4]5 ^ 47 HO z——— Fel HOOH) Jt + HOt 





C;H;NHj 4- HO CHN H: + HOt 








NH} + Η.0 NH: + HOY 





Polybasie acids are to be regarded as mixtures of monobasie acids. Phosphorie 
acid in aqueous solution, say 0.01 molar, consists of three acids, HyPO., HePO7, and 
HPO}, and is not essentially different from a solution containing 0.01 M concen- 
trations of each of three other acids of corresponding strength, say hydrochloric 
acid, acetic acid, and hydrocyanie acid. 

The important role of the solvent is made clear in the proton-transfer acid-base 
system. Highly polar solvents have characteristic properties—they are highly 
associated, have high dieleetrie constants, ete. Such solvents are themselves acids 
aud bases, and may be regarded as falling into three general classes: (1) aeidie, or 
proton donors, “protodotic,” (2) *unphiprotie," and (3) basic, or proton acceptors, 
"protophilie." Water has come to be considered typically amphiprotie. Weak 
acids are coniparatively strong in basic solvents and strong acids are comparatively 
weak in acidic solvents. For example, sulfuric acid is a rather weak acid in anhy- 
drous acetic acid while glycine, which is an ampholyte (amphoteric substance) in 
water, Is à relatively strong base in acetic acid. Guanidine, a very strong base in 
water, has acidic properties in liquid ammonia. Inactive or nonpolar (aprotonic) 
solvents may be employed as mediums for acid-base reactions; in this case the proton 
transfer from the acid to the base is direct, and not through the medium of solvent 
molecules. 

(The Brgnsted-Lowry system, which G. N. Lewis has described somewhat 
facetiously as "the cult of the proton,” has the limitation that it is not possible to 
consider as an acid a substance such as sulfur trioxide, which coutains no hydrogen, 
for until this substance is dissolved in a protolytic solvent if cannot dissociate a 
proton. 


Electron-Pair System (Lewis) 


When a proton is transferred spontaneously from one molecule to another 
molecule, the acceptor molecule is able to associate the proton because it has an un- 
shared pair of electrons: 


H H J+ 
WN: + H+ —— > [ΒιΝιπ 
Hcc H 


It is possible and logical to change the focus of attention from the proton in the acid 
to the electron pair in the base without changing fundamentally the concept involved. 
This idea was expressed very clearly and concisely by Lewis in 1923 (8): “We are 
inclined to think of substances as possessing acidic or basic properties, without hav- 
ing a particular solvent in mind. It seems to me that with complete generality we 
may say that a basie substance is one which has a lone pair of electrons which may be 


ACID-BASE SYSTEMS 135 


used to complete the stable group of another atom, and an acid substanec is one which 
can employ a lone pair from another molecule iu completing the stable group af one of ils 
own atoms. In other words, the basie substance furnishes a pair of electrons for a 
chemical bond, the acid substance accepts such a pair.” Accordingly, it can be seen 
that Lewis identifies as bases the “donor”? molecules (either neutral or charged) of 
Sidgwiek (see Valence; also N. V. Sidgwick, The Electronic Theory of Valency, 
Oxford Univ. Press, London, 1927) and as acids Sidgwiek's "acceptor" molecules 
(either neutral or charged). In this manner Lewis has achieved a much greater 
generality than is achieved by the Brensted-Lowry system. The latter system has 
freed the acid-base coneept of the restrictious of the solvent and the Franklin- 
Germann-Cady solvo-system has freed the concept of the restrictions of hydrogen 
and of water, but the Lewis system has at one and the sume time necomplished the 
removal of almost all restrictions, We ean think, in the Lewis system, of acids, 
bases, and neutralization without regard to a particular solvent (as is also possible 
in the Brdnsted-Lowry system), and at the same time we are permitted to extend 
the acid-base concept beyond hydrogen (or protons). 

Bases of the Lewis system are identieu] with hases of the Brgusted-Lowry 
system. In the Lewis system acids are different froin the acids of Davy, Arrhenius. 
or Bréusted-Lowry, and the proton is only one of the many Lewis acids. The 
proton has a unique position, itis true, since it is the unit positive particle, but all 
molecules are acids that are eapable of accepting electron pairs to form chemical 
bonds. Accordingly the Lewis system takes over the entire list of Brgnsted-Lowry 
bases (see Table D). But, in addition to the proton, the Lewis acids are metallic ions, 
covalent halides, nonmetallic oxides (shades of Lavoisier and Berzelius) aud all 
other molecules that are eapable of aecepting electron pairs (electron-deficieut 
molecules). The system probably requires a too radical departure from present 
conventions to use all the time and the Brénsted-Lowry system seems to be more 
convenient for most purposes. However, the Lewis system ean be used advantage- 
ously in many specialized fields and should be understood by the practical chemist 
without regard to his area of specialization. 

Neutralization according to Lewis is dhe formation of the covalent bond between 
the acid and the base. In the equation that follows, the eurved arrow represents the 
electron pair from the base that becomes shared with the acid. The product of 
neutralization may or may not be a salt (electrolyte). Direct combination of a 
metallic oxide and a nonmetallic oxide as: 


results in the formation of a salt, but the product of the combination of a covalent 
chloride and a typical base us: 


cannot be regarded as a salt. The amphoterie character of alumina is often illus- 
trated by the solubility of aluminum hydroxide not only in acids but also in alkaline 
solutions. The latter reaction may be most simply and probably accurately for- 
mulated as follows: 
ΟΗ- + AKON), —-— > JAKO] 

- T 
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It will be recalled that potassium ahuninate has the formula. IKAIOs.2HH50 or I&AI- 
(OH). 

Silver ion is an acid and combines with ammonia to form a complex ion as 
follows: 


ΝΗ; E Ag 1 + ΝΠ, --- Agt N Hal t 


F 
--------ᾱ-----ἳ t. ΄ 


This reaction accounts for the solubility of silver chloride in ammoniaeal solution, 
Silver chloride is readily soluble in liquid ammonia for the same reason. Silver 
amide is insoluble in liquid ammonia, but it is soluble in a solution of potassium 
amide in liquid ammonia: 


Ng + AgN Ha ------- [Ag N HD] 
and the salt KAgNH is isolated as the monoammoniate, KAgNH.NĦ;, or better, 
KkAg(NHa)s. A large number of double amides and imides of metals may be for- 
mulated in this way, and the formulas of many are strictly analogous to well-known 
oxysalts, for example, IKAI(NH2)4, KAIOFDs; Κοβηί(ΝΙΤο)ε, Kain(OH), (see also 
Nitrogen system). 

The solvent plays an important role in the Lewis system as it does in the 
Br¢usted-Lowry system. Thus, the solvent may be either an acid or base in the 
Lewis sense: 


IO: + SO; ——> #H,0:850; ——— Ht + HSOg; 
` 4 





HOH + C:N; => HOH:NH, == Nit + Of” 


Ἐ 


In the first example the solvent, water, acts as a base, in the second as an acid. In 
an aprotonic solvent, we may regard pyridine as a typical base: 


CHN: + SO. ———3 C,H NSO. 
. 1 


OJLNSO, + SO: ———  |GJIüNSOJjS*^ + Μο 
In selenium oxychloride, pyridine is a moderately strong base: 


GHEN: + SeOCL -——> [G,H,NS°OCI]*+ +. a- 
x 3 


sulfur trioxide is an acid: 
SO; + BeQCl, ——-—— BeOC]* -- SO.Cr- 
and neutralization may be written as: 
[C;IT;NSeQCI] * -- C^ 4- SeOCL* + SOC — —— B8eOCL 4- [C;H,;NSeOCI] * -- SO,CI- 


which takes place in dilute solution, but in a more concentrated solution acid-base 
exchange results; this may be formulated as: 


[C«HsNSeOCI] * -- Ol- -- Se0CL* -F SO,CI- ———9À 2 HeOCI, -F. C;HSNSO; 


Aluminum chloride in solution in phosgene dissolves metals with evolution of carbon 
monoxide, and is neutralized by metallic chlorides, such as caleium chloride: 
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2(COCLAICL) + CaCl, ——--> Cul AICH)o + 2 COC): 


It should be remembered that the use of aluminum chloride in organie chemistry 
depends upon its acidie character, and many eondensations that are effected by 
aluminum chloride are also brought about by such substances as anhydrous hydro- 
gen fluoride and sulfuric acid. Aprotonice acids (such as boron trichloride, which 
behaves as an acid in chlorobenzene solution, giving the characteristic color changes 
with indicators) ean be titrated. Aprotonie acid-base titrations have been carried 
out by potentiometric and conductometric techniques. Thus it ean be seen that the 
Lewis system las a real basis for existenee and usc. 


Positive-Negative System (Usanovich) 


Tho analogy between aeid-baze reactions and oxidatien-reducetiou renetions is 
now exceedingly close, for oxidizing agents accept electrons and reducing agents 
donate them. A base donates an electron pair, which is shared by the base aud the 
acceptor; reducing agents donate one, two, or more clectrons, which are at least pur- 
tially removed by the acceptor. Usanovich therefore made bhe ultimate generaliza- 
tion: Aeids donate positive and. aeeept. negative while buses donate negative and acecpe 
positive. The Usanovich system is perfectly logical and unites all the systems that have 
heen described and oxidation-reduction systems us well. Its usefulness, however, is 
questionable. 


Conclusion 


Modern acid-base eoucepts are not theories in any true sense but are merely 
systems of language or formulation. They do not introduce any new explanations. 
They merely provide means by which reactions may be expressed. The skilled and 

` well-informed chemist should understand all the systems, and should be able to use 
that one whieh best serves his purpose in a particular and unique situation. The 
Broónsted-Lowry system is the ane whieh in the largest number of instances is the 
most satisfactory. However, the Lewis system shoul not be neglected as if will he 
found very useful by specialists in such fields as organie chemistry, vatalysis, solid- 
phase reactions, and polymerie chemistry. 
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ACID DYES 


The term acid dyes pertains to dyes that are soluble in water, and dye wool and silk 
from an acid hath. Generally, the dycs contain cither a carboxyl group or 4 sulfonic 
group in their molecules. Acid dyes include water-soluble wool colors of the follow- 
ing classes: azo, triarylmethane, xanthene, anthraquinone, indigoid, nitro, pyrazo- 
lone, thiazole, azine, thiazine, etc. See such articles as Anthraquinone dyes; Azine 
dyes; Azo dyes; Indigoid dyes; Triphenylmethane dyes. 


ACID HALIDES 


Acid halides are compounds that react with water to yield the parent acids and 
hydrogen halide, and therefore may be considered a special type of mixed acid 
anhydride (see Acid anhydrides), Structurally they are derived from acids, 
either inorganie or organic, by replacing one or more hydroxyl groups in the acids hy 
halogen. Thus among inorganic compounds, SO:Cl, sulfuryl chloride, is the full 
acid chloride of sulfuric acid, considered as SOe(OH)s, and CISO3H, chlorosulfonie 
acid, is its half-ehloride (see Chlorosulfonie acid; Sulfur compounds). The two most 
important types of organic acid chlorides (acyl chlorides) are those derived from 
enrboxylie acida, of type formula RCOCI, and those derived from sulfonic acids, of 
type formula RSOsCl, where R is any hydrocarbon radical. Both types ure usually 
named from the corresponding acids, and the most familiar ones are acetyl chloride 
(CH3COC), oxalyl chloride (COCDs, benzoyl chloride (CsH;COCL, phosgene or 
carbonyl chloride (COCH), chloroformie or ehlorocarbonie acid, known in the form 
of iis esters (ROCOCI), and benzenesulfonyl chloride (CsH;SO,Cl) (sec Acetyl 
chloride; “Benzoyl chloride”? under Bengote acid; Phosgene; ctc.). The techno- 
logical importance of the chlorides is comparatively small, doubtless because the 
cheaper and less corrosive anhydrides will generally serve us well Gee Acid anhy- 
drides). 

In physical properties the acyl chlorides are mostly typical organie liquids, 
with irritating odors; phosgene is gaseous, and some of the higher chlorides are 
solids. The carboxylic acid chlorides boil at lower temperatures than the corre- 
sponding acids, and in general without decomposition. They are soluble in such 
organic solvents as ether and chlorinated hydrocarbons. Chemically they are 
quite reactive, fuming jn air and corroding metals in the presence of moisture be- 
cause of the acids liberated: 

RCOGI 4- H,O0 ———+ RCOOTM + HCL 


In general, acyl chlorides combine with any compound (Π--Α ἴπ the equation be- 
low) containing a hydrogen atom linked to oxygen, sulfur, or nitrogen; the reaction 
is called acylation (sec Acylation; Esterification): 

RCOC! + H—A ———> RCO—A + HCl 


Carboxylic acid chlorides are usually more reactive than sulfonic acid chlorides; 
aliphatic carboxylic acid chlorides are more reactive than uromatic acid chlorides. 
Acyl chlorides convert alcohols to esters, and ammonia and amines to amides. Even 
hydrogen on a benzene ring can be replaced (see Friedel-Crafts reaction) : 


. . AICL 
RCOCL + Cs, ——"> RCOC,H; + HO! 
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Their reduction to aldehydes (Rosenmund reaction) is of laboratory interest only. 

The organic acid chlorides fied some use as intermediates in the manulaeture of 
dyes (phosgene) and pharmaceuticals, particularly the sulfa drugs (p-acetamido- 
benzenesulfonyl chloride). In the laboratory they are valuable tools in synthesis, 
in detecting the presence of hydroxyl groups im ovrganie molecules, nnd otherwise in 
identifying organie compounds (as in the Hinsherg test for distinguishing primary 
nnd secondary amines by means of sulfonyl chlorides). 

They are usually prepared by the aetion of aiu: inorginie acid chloride ou an 
organic acid: organie arid + inorganie acid chloride —* organie acid chloride + 
inorganic acil (or anhydride). A variety of inorganic reagents have been used: 
phosphorus halides, thionyl chloride, sulfur chlorides, chlorosulfonie acid, ete. 
Thionyl chloride gives only gascous by-produets: 


RGOOTE + BOCK -——> RCOCL + BO. + 2 HCl 


Special methods are used in the manufacture of benzoyl chloride and phosgene: 
C;H,CHO 4- Cl. ——— C&H;COCI + HCI 
CO -+ Ch ———— Coch 


Important Organic Acid Halides. 

















Nawe Formula | "par. 

Acetyl fluoride CIRCOF 0.993 
Acetyl chloride CILCOCI 1.104 
Acetyl bromide CILCOBr 1.66 
Acetyl iodide CH COT 1.98 
Propionyl chloride ΠΠ. ο] 1.065 
Butyryl ehloride CTECH CIDICOCI 1.028 
Chloroacetyl eliloride CICTILCOXCI ΓΗΒ 
Benzoyl chloride ομία Ου] 1.212 
Carbonyl chloride (phosgene) COWL 1.434? 
Ethyl ehloroformate — Cehloro- CLOCOCT 1.138 

eurbonate) 
Benzenesulfonyl chloride CIL SOSCI 14.5 251-252 1.378 
p-Yoluenesulfonyl ebiloride (ΠΚ LNO I 6t 14815 1.26175 
p-Aeetamidobieuzenesulfonyl CHCON HG ESOC] 147 — — 

chloride CV-neetytsulfanilyt 

chloride) 





. DERMER 


ACIDIMETRY. See Hydrogen-ton concentration. 
ACID-RESISTANT MATERIALS. See Materials of construction, 


ACIDS, CARBOXYLIC 
Carboxylie acids are characterized by the presence of one or more carboxyl groups, 
60 
— C—OH (usually written —COOH). The hydrogen atom of this group is active and 
may appear as a free hydrogen (hydronium) ion, thus justifying the name acid. 
Organic carboxylic acids, RCOOH, may be classified as aliphatic, alicyclic, aromatic, 
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and hetergeyelie; «s saturated and unsaturated; as unsubstituted and substituted; 
as monoearboxylie, diearhoxylie, ete. —Carbonie acid, HOCOOT, ehloroformie or 
chlorocarbonie acid, CICOOH, and carbamic acid, NH2COOH, are not. always in- 
cluded among organie carboxylic scids (for the esters of these acids, see Carbonze esters; 
Chloroformie esters; Urethans, respectively). See also Amino acids, 


Nomenclature 


There are 3 principal methods of naming carboxylic acids: (1) by common names, 
usually ending in -ie and basecl on observed sources in nature (as acetic acid, from Latin 
acetum, vinegar; heuzoie acid, from benzoin) or based on the compounds from which 
they are derived (aaphthoic acid, from naphthalene; nicotinic acid, from nicotine); 
(2) by the Geneva system, modified by the T.U.C., in whlüch the ending *-0oie acid" or 
*-dioie acid" is added to the name of the related lydroearbon with the same number of 
carbon atoms as the acid (acetic acid, CHyCOOH, is thus named ethauvic acid from 
ethane, CH sCH,; and HOOC(CH,CH: CHCOOH, 2-octenedioie acid); and (8) by 
the “-carboxylic nomenclature” (also approved by the LU.C.), in which ‘-carboxylic 
acid" is added to the nume of the hydroearbou from which the acid is considered to be 
derived by substituting COOH for hydrogen (acetic acid would then be methane- 
carboxylic acid, anc naphthoic aeid would be naphthalenecarboxylic acid). The 
Geneva system is used only for aliphatic acids, usually only mono- and dicarboxylic 
acids. Carboxylic acid names may be used for cyclic compounds (alicyclic, aromatic, 
and heteroeyelic) in which the carboxyl group is attached directly to the ring, or for 
aliphatie polycarboxylic acids. For acids in which the carboxyl group is attached to a 
side chain, “additive names,” such as naphthaleneacetie acid (a synonym of naphthyl- 
acetic acid) for Ci ELCHSCOOTI, are very convenient. For designating the positions 
of substituents, cither Greek letters or numerals may be used: 


CH, CHLCHCOOL Butyrie aeid 

y B # . 

CELCIHCH;,COOH Butanoie acid 

4 8 2 1 

C TGCTSCBGC QOH i-Propaneearboxylie acid (this type of name is not 
9 2 ] 


used for an aliphatie monoearboxylie acid) 


Tn additive names the carbon atoms in the side chains are designated by Greek letters, 
beginning with the carbon atom next to the carboxyl group as in common names. 
Examples of names for substituted acids are: 


CH;CH;CHCILCOOH a-Chlorobutyrie acid 
Y 8 X 
HOOC.CILCHI(CHJCILCOOL 3-Methylpentanedioie acid 
54 38 2 1 
GOOIT 
MOOG CLEA AIC HOLCOOTI (EL ycioxy-1,2,3-propanetriearboxylic acid 
3 2 1 


201 C—CHSCHCOHCHCOOH 
fr Po y B 


ENEON a 


y J B-MethylI-1-naphthalenebutyrie acid 


For other examples, see Tables IT-X. . For a more detailed discussion of the naming 
of acids, see Nomenclature. 
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General Properties 


Although organic acids, in general, are usually considered to be relatively weak 
acids, most of the carboxylie acids are stronger than the weakest inorganic acids (see 
Acids, inorganic). Furthermore, the introduction of negative substituents aud of 
additional carboxyl groups into organic aeids Increases their strength if the substituting 
groups are sufficiently close to the carhoxyl group; thus while the ionization constants, 
A, for unsubstituted saturated aliphatic monocarboxylic acids (except formic acid) 
vary little among themselves, the introduction of successive chlorine atoms may lead to 
progressively increasing ionization constants, su that trichloroacetic acicl, fur example, 
approaches the strong mineral acids in strength. The most inthiential positions for the 
substituents are the e-position in aliphatie acids and the o-position iti aromatie acids. 
Ionization constaits of representative carboxylic acids are given in ‘Table E. 

The association of carboxylic acids was first observed by determinations af vapor 
densities of the acids and of freezing points or boiling points of ucid solutions in certain 
solvents. It is now considered that two molecules of ti monobasic acid are associated 
by means of hydrogen bonds; 

μι” eIHO 
R—C C—H 
So-H- Ue 


This assumption is confirmed by electron-diffraction meusurements. In the presence 
of foreign molecules, as of solvents which form hydrogen bonds either us donors or as 
aeceptors of the hydrogen, the association of the acids dininishes accordingly. The 
hydrogen bonds with the foreign molecules replace the bonds that are responsible for 
the association. Thus the association of carboxylie acids is less in water, alcohol, 
ketones, ete, than it is in aprotic solvents Like benzene and carbon tetrachloride. 
Acetic acid in benzene is almost completely associated to the dimer. Esters of car- 
boxylie acids, on the other hand, are not associated. 

Carboxylic acids, as typical acids, form metal salts, RCOOM, which are all solids; 
the sodium and potassium salts are, in general, more soluble in water than the corre- 
sponding acids aud less soluble in organic solvents. Carboxylic acids also form esters, 
RCOOR’, more or less readily by acid-catulyzed esterification (see Esterification; 
Esters, organic). On dehydration, earboxylie aeids yield anhydrides, (R.CO).0 (see 
Acid anhydrides). Divarboxylic acids may form normal (‘ueutral’) sults or esters, or 
“acid” salts or esters, Sodium succinate, Na©OOC(CH2)2COONa, aud sodium hydro- 
gen succinate, HOOC(CHy).COONa, illustrate a salt and an “acid” salt; methyl 
oxalate, CH400C.COOCH;, and methyl hydrogen oxalate, HOOC.COOCH,, illustrate 
an oxalic ester and an oxalic “acid” ester. Other derivatives characterized by the 
RCO group (acy! group), and obtainable by replacement of the hydroxy] group instead 
of the acidic hydrogen, are acid balides (¢.2.), RCOX, and amides (¢.v.), RCONH2 
(see also. Aeylatzon).  Nitriles (g.v.), RC:N, are regarded as carboxylic acid deriva- 
iives beeause they eux be obtained by dehydration of ammonium salts or amides of 
the acids and yield the acids on hydrolysis. Ketenes (g.0.), RCH:CO and RR'/C: CO, 
ean be considered internal anhydrides of carboxylic acids; they ecan be prepared in- 
directly from the acids and hydrolyzed to them. 

The fully luyydrated forms (ortho acids), RC(OH)s, of carboxylic acids are known in 
the form of their esters, as ethyl orthoformate, FEC(OCSEI)s. — Pee acids (more sys- 
tematically called peroxy acids) may be represented by the general formula RCO(O.)H, 
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TABLE I. Dissociation Constants, A, at 25°C., of 


U usubstituled 
T'ormic 
Acetic 
Propionic 
Dutyric 
Isobul yric 
Crolonte 

Substituted 
Chloraueetic 
Diehloroacetie 
"Trichloroacetie 
Bronoacetic 
Iodoacetic 
Clycolie 
Clyoxylic 
Cyinoaectic 
a-Chloroproptonic 
8-Chlovopreptionic 
ecAminopropionie 
Laetie 





Alieye 


CARBOXYLIC 


"arboxylie Acids." 











“Hex cahydrobe nzoic 





MONOCARBOXYLIC ACIDR 
Aliphatic " ΝΗ | Aromatic acids 
| Unsubstituled 

1.70 x 107: | Benzoic 6.8 x 1075 
1.75 x10 | o-Tuluie 1.3 x 1074 
1.4 X 1075 ni-Toluic 5.2 X 1075 
l. 18 x 107 8 p-Toluic 4.5 X 10-5 
1.5 X 1075 |: a-Naphthoic 2X 10-4 
2. 0 x 1075 | B-Naphthoie 6.8 X 107 
Phenylacctic 6.0 x 1075 
4X (077 ; Hydrocinnamic 2.8 x 1075 
5 x 107 | Cinnamie (Lrans) 3.7 x 1075 

2x Substitudedt 
1.35 X 107 o-Chlorobenzole 1.3 X 1073 
7.1 X 1071 n-Chlorobenzoic 1.5 x 107: 
1.49 x 107" p-Chlorobenzoie 9.3 X 1075 
4.6 X 107+ | o-Nitrobenzoic 6.2 x 10-73 
3.65 x 107? m-Nitrobenzoic 3.5 x Ότι 
1.47 X107? p-Nitrobenzoie 4.0 x 1071 
8.50 x 10 5 3,5-Dini(raheuzole 1.6 x 1073 
9 x 1974 | Salicylic 1.0 « 1073 
1.38 x 1071 in-1eoydroxybenzoic 7.6 X 1075 
mom p-TLydroxy benzoic 2.0 x 1075 
Heads Anisie 3.2 X 1075 
a. 28 x 10 5 | Gallic 4x 1075 
— pe Sateen ee Anthranilie 1.0 X 1075 
yelie avid m-Aminobenzoic 1.6 x 107» 


Heterot 


Picolinic 
Nicotinic 
Furoie 


2-Thiophieneear boxylie 


3 x 10-5 
1.4 X 1075 
7.1 X107? 
3.4 X 107? 








Miphatie 





p-Aminobensoie 


DI- AND TRICARBOXYLIC ACIDS 


1.2 x 10:5 


K (ed H) 











Oxalie 6.5 x 1073 a. 1X 1074 
Malonic 1.6L & 1073 2.1 X 1075 
Succinie 6.6 X 1075 2.8 X 1075 
Adipiu 3.7 X 1075 3 x 1075 
Fumarie 1 x 1074 3 x 1075 
Maleic 1.5 X 107* 2.6 X 1077 
Malic 4 X 107 U X 1076 
Tartaric 1.1 X 1075 6.0 X 1073 
Citrie 8.4 X 107: l. 8 x tons 41075 
Aromatic acids 
Phthalic 1.26 X 1078 3.1 Xx 1076 


o-Phe ny rlenedincetic 


LTX 107? 


* Carbonic acid: 





K (primary) at 18?C., 

















3.8 X 1077; K (secondary) at 25 





7,6 x 107, 
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as perbengoic acid, CsHsCO(O:)H; and acyl peracides yy (REOOO, as benzoyl per- 
oxide (¢.0.), (CsHsCO)2O2. In tAio acids (q.v.), either one or both of tlie oxygen atoms 
of the carboxyl group are replaced by sulfur. as dithioacetic vcid, CHgCSSH. 

It is sometimes desirable to decarboxylate carboxylic acids, which ean lose carbon 
dioxide with more or less ease, depending upon the nature of the arid: RCOOH — 
RH + COQ. Some acids decurboxylate quite eusily, as by moderate heating (aceto- 
acctic, nitroacetic, and malonie acids); others require more drastic conditions, such as 
fusing the sodium salt with alkali (sodium acetate to give methane), or heating to 
sufficiently high temperatures (furoie acid above 200?C., iu the presence of a copper 
catalyst if desired, to give furan). 

Carboxylic acids may be characterized by the preparation of their anilides 
(q.v.) or p-toluidices or, in more recent practice, of their phenaev] (CsH.COCH Ye), p- 
bromopheuacyl, or other solid substituted plienacyl esters 


Aliphatic Acids 


Physical and Chemical Properties. (Sce Tables I-VI) The monocarboxylic 
acids of low carbon content (Ci-C, with straight chains) are corrosive liquids of pun- 


TABLE H. Aliphatic Acids: Lower Monoearboxylie (Ci-C i). 


| ALp., | Bans 








Conimion niuiue Synonyms Formula ^C. ay uy 
A. Saturated 
Formic | Methanoic HCOOH 8.40/100.711.220 1.3714 
Acetie Ethanoic CHCOOH 16.6 118.111.049 1.3718 
Propionic Propanaic (CAL CHCOOT —22 141.10 992 1.8874 
Butyrie Butanoie CHAGCICERCOOIL | —7.9 1163.5/0.0537 11. 39906 
Tsobutyric [Methylpropanoie; (CCHOCHCOOLRH —4"7 154.410.949 1.3930 
e-meth ylpropionie 
B. Unsaturatel 
Acrylic Propenoie CH CHCOOH 12.3 141.91 00216 1 4224 
Methaerylic Methylpropenoic; CH3:CCOCLIE) COOII LG 163 11.015 1.43143 
o-methylauerylie 
Crotonie tranus(1)-2-Butenaie; treios- CHGCH ; CIECOOIT 72 189 0.97307" |1. 4255672 


(a-, ordinary| (?)-p-methylacrylic 
or solid) | 


Isoerotonie cis(?)-2-Butenoie; — eisc?)-iCELCH :CHODOH. |. 15.5. 189.3|1.0312?* | L. 4483'* 
|. E methylaerylie | | 
Propiolie iPropynoie;  avetylencesr-'CIH iC COOLE «o g0I2,,1.138715 H. 4314615 




















hoxylie; propargylie 


gent or offensive odor, and are miscible with water. "Those of next-higher carbon con- 
tent (Cs-Cy) are oily liquids, sparingly soluble in water, with an unpleasant odor. 
The members from Cy upward are water-insoluble solids. The di- and poly- 
carboxylic acids are all solid crystalline compounds; the simpler ones have moderate to 
high solubilities in water. The physical constants of the substituted acids, like their 
acid strengths, are functions of the nature, number, and position of the substituents. 
In addition to the reactions characteristic of all carboxylic acids, the aliphatic 
acids react with chlorine or bromine, in the presence of sunlight or a catalyst such as 
iodine, to form halogen-substituted acids. The chemical properties of substituted 
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carboxylic acids vary with the nature of the substituents and their positions. Por 
example, when halogen-substituted acids are heated with alkali, the a-substituted 
acids exchange the halogen for a liydroxyl group; the g-acids lose hydrogen halide and 
yield the unsaturated acids; and the y-acids form lactones (intramolecular esters). 


TABLE IIT. Aliphatic Acids: Intermediate Monocarboxylie (C;-Ci). 





X | Bb. a? 
























































Common name "ynonytus Formula C, n 
A. Απο 
Valerie Pentanoie CHA CIE) COOL —84.5 187 [0.942  |1.4086 
Tsovalerie 3-MethyIbutauoie; (CHJZCHCHSCOOFT —87.6|076.7/0.0371!5. |1.4018 
2-methiyl-1-pro- 
pancearboxylie 
Caproic Tlexangie CH, (CH) COOH —1.5205 10.929 1.41635 
Ynantlie ITeptanoie CCT COOH ~10 |188 10.8685 31.4210 
Caprylic Ootanoie CH ΠΚ ΟΠ 16 (237.500.010 — 1.4285 
Pelurgonic Nonanoie CHL (CH COO 12 (254 10.9055 {1.4330 
Capric Decanole C Πιο ΠΟΠ 31 .4[270 0.885819 1. 4985510 
u-Undecylie Undeeanolc; CH (CH) COOH 20 170 (0.907525 | -- 
hendecanoic 
B. Unsaturated 
Sorbie 2,4- Hoxadienote CH;CLH:CHCH:CIICOOH | 27 25a | — — 
LABLE IV. Aliphatic Acids: Higher Monocarboxylie (Cy-Cy). 
σσ Γ Τ᾽ mn m Mp; | n. a E d 20 
Common name Synonyms Formula ας ad d; Ph 
A., Saturated 
Laurie *|Dodeeanoic CIEa( CH) 0 OOH 43, 5/22 5100 0.883 1. 4266560 
M yristie Tetradecanoie CIT3CC TIS COOH 53.8/250. 51. (0, 862253.8 1.430758 
Palmitie \Tloxadecanoic CHZ(CIT2u COOH fi2.9|271.5) [0.852792 (liq.) 1. 42847:.5 
Margaric Ileptadeeanoie CHACH) COOH GL 27.0 0.8578" 1.434900 
Stearic Octadeeanoic CHCH COOL 71.520110 0.0408 1. 4900830 
Arachidic Tieosnnole;arnehie CCH Yas COOU 77 |328 ogg! — 
Behenie Duensunoie CIAC Heat OOU S4 [306a — — 
Lignoceri¢ Tatravosanoie CHEGCET22COOH 8b — -= -- 
Cprotie Iexacosunoie ομως ος 79. Ἰάσο, 0. 835079 1.44407? 
Molissic Tricosanoie ICH CT) COO gl — — — 
HB. Unsaturated 
Ο]οῖα eia-0-Outudecenoie — [CH CTIS;CH: CHOC H;COOH i6 [223i 0 .895!5 1.403175 
Elaidie (rans-t.-Octadecenolc CH CHa CH: CHU HG COOH ἐ 288100 o. 8517? 1.44004: 
Linaleie 9,12-Octudeendien- (CHCC: CHC Haje 1-9 [22814 D. 8805 -— 
oie; linalic COOH 
a-Tleostearie — |r£a-eis-trané-0,11,13- | CHs(CID)s( CH: CID3(CH25COOH | 49. 235i» — — 
Octndecatrienoie 
B-Eleostearic — frans-rís-cia-8,11,13- |CII3LCIT3(C IE: CEDS(CH2;COOIL | 72. | — — -- 
Octadecatrienoie 
a- Linolenie 0,12,15-Oetadeen- — |CHz(CTISCH: CIDs(C EZsCOOH — .67&»  |0.9040 — 
trienoie 
Erurie ris-18-Doensenoie — |CHs(CH2zCIE:CH(OCH2uCOOH. | 34 |254. 5w |0. 860255-4 1,4554355-4 





Hydroxy acids lose water to produce three types of products: the a-hydroxy acids 
give laetides (cyclic double esters) by interaction of two molecules of acid under the 


influence of heal; 


the @-hydroxy acids, when heated, form unsaturated acids; while 


the y- and ô-acids readily form lactones, even at ordinary temperature. The aldehydo 
and keto acids exhibit chemical characteristies of both the carbonyl group (see Alde- 
hydes; Ketones) and the carboxyl group. 
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TABLE V. Aliphatic Acids: Di- and Tricarboxylic. 


ALp. Bapa t 53 
Common name al ' ade ^ n 


Formula 


Synonyms 


A. Saluraled | 


Ethanedioie 
Propanedioie; 
methanedi- 
carboxylic 
Butanedioie; 
cthanedi- 
carboxylic 
Pentanedivic; 
1,3-propanc- 
dicarboxylic 
Texanedioic; 
1,4-butane- 
dicarboxylic 
Heptunedioic; 
1,5-pentane- 
diesrboxylie 
Octanedioic; 
1,6-hexane- 
diearboxylie 
Nonanedioie; 
1,7-heptaue- 
dieurboxylie 
Decanedioic; 
1,8-octane- 
dicarboxylic 
1,2,3-Pro- 
panetriear- 
boxylic; 
Spn-pro- 
panetricar- 
boxylie 
U unsaturated 
cis-Dutene- 
dicie 
trans-Butene- 
dioic 
Methylene- 
butanedioie; 
methylene- 
succinic 


HOOC. COOH 
HOOC.CHLCOOEH 


Oxalie 
Malonic 


187 
135. 


11.658 


150 (subl.) | 
θιίος, IL. 630515 


Sucetuic HOOCH COOH 185 1235 (dec.) [1.564 — 1.534 


Clutarie HOOC(CIL);!COOH ο ο πο 1.42009. 11. 41878193 


Adipie HOOC(CHA;COOH 153. 5/2055 1.356 


Pimelic HOOCH J; COOL 106 τό 1.3245 


Suberic HOOCUCEGUCOOTT 14 27005 


11.020 


= 


Azelaic 106,5 . 1908115 





HOOC(CIDIzZGOOEH 300 (dec.) 


Sebacic TIOO0C(CHAA.COOH 134.5|2051w .122!59.3 


"Trieurballylie (ONC. CILCHCTRCOOI 63. — dee. 


COOH 


B. 


Maleie HOOC.CII: CHCOOIT 138 |160 1.590 


Fumarie HOOC.CH:CITCOOH 200 1.635 





Ttaconie HooCc.C.CH,COOH 102 [dee 1.682 


Chi 


Acotylenedi- 
earboxylie 
Aconitic 


Ethynedi- 
carboxylic 
1,2,3-Propune- 


HOOC.C:C.COOH 


II00C.CH.C: CHCOOFI 


179 


μμ 


tricarboxylic 























COOH 


Occurrence. The monocarboxylic acids are widely distributed in nature. The 
lower acids (C)-C;) are found in many plant and animal liquids such as plant saps, 
perspiration, and urine. The intermediate and higher acids containing an even number 
of carbon atoms occur in à wide variety of fata (q.v.), oils, and waxes (q.v.) in the form 
of esters (see also Fatty acids); the esters of fats and oils are glycerides, whereas the 
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TABLE VI. Aliphatie Acids: Substituted. 
























































Connon nane mynonyius Formula Mop. ate a? D» 
A Hatiory 
Glgeolii Tydrovyethsnoies livdroxyuees (CHO COOL 80 lee. — — 
ties Blycollic 
Laetie j2- Hy droxypropanoic; CHBSCIHORL COOL 
a liydroxypropionic 
DL- Ordinury lactic 18 12215 1.24915 1,4302 
ut | Sarcoluetic; puralacties dex tra- 2 dee. 1.2485 -— 
rotatory netiec 
B-Hydroxy-.— [3 Hydroxybutanoie CHaCHOoILoImbeoo At 1301. — — 
butyrie 
Gluronie uluco-2,3,4,5, 6 Pentalydroxy- [CHaORLCCTIOIDG4COO!TI 
hexanoie . 
D- D-ylireo-2,3,4,5 6- D'eula- 133 -— - — 
hydroxyhexanoie | 
Tartronie 2- | ydroxypropanediaie; HOGOCCIIOILCOORH 140 110-120 — --- 
hydrax ymalonie Giubl.) 
Malic Hydrosybulanediote; hy droxy-]HOOCCTIOTI.CH3COOITL 
sitecinie ` 
DL- 1381  |150(dee)  |1.001 | — 
L(—)- Ordinary matic tog 140€ dee.) 1.505 -= 
Tartarie 2.4-Dibydroxyhu tanedioie; [LCOOC.CTIO EL CIEO TE COO EE 
n B-dihydrosysuertnic 
DL- Racemic; paratartarie 2n6 — -- — 
n(t)- Ordinary turturie; dextra- 170 — 1.7598 |1.6045 
rotatory turtarie 
meso- 140 — 1.668 11.005 
Suceharie ul uru- ot gulo-2,3,4, -l'etra- HOOC(CHOH) COOIL 
hydroxyhexanediaie 
p-gluco- n-glurn- or L-gulo-2,3,4,6- Tetra- 126 — — — 
hydroxyhexanedioie 
Citiic 2-Mydroxy-1,2,3-prepanetri- — |HOOC,CTISC(OND CIT COOTH] 153 due. 1.54218 11,509 
carboxylie; 8-hydroxytri- | (hyd.) 
carballytic COOH 
1d-Dihy- 9, 10-Dihydroxyoctudeeanoie; [|CTHS(CTIIS), CITOULCHORI- 136.5 | -— -- — 
droxystearie| — d c dihydroxystenrie (CH): COOH 
Rieinoleie j12-Hydroxy-9-oetaderenoie; CHACHA COH, C2- 5 — — 6. 67 
rieinolic ο (ο ως 
B. Aldehyda and Netu 
Cilyoyslic Oxoethanoie; glyoxalie; oxal- JOCH. COOH 98 — — — 
aldehydie 
Pyruvie 2-Oxopropanoits a-ketopropl [CLA COCOOIL 3 170 1.207 -- 
onde; pyroracemie; aeetyl- 
formie 
Acetonectic — H-Oxobutanoie; neetylaeetie— [CH3CIOCTISCOORI — < 100 (dee.)| —- — 
Levulinic (4-Oxupentanaies 5-ketovilerig CC H3COC FH CISCOGOIT 37.2 |246 1.1395 |1, 44215. 
C, Halayen-substiluted 
Chloroaeetie  |Chloroevhunoie: tnonochloro- CICISCOOII 62. 592/189, 35 1.39808 | — 
aeetie; (mono)ehloraeetie 
Diehlaraucetic|Diehlorocthunoie; dichloruectie |ClCTCOOH 14 — 194.2 1.56352 | --- 
Trichloro~ iTrichloroethanoic; triehlor- ChLCCOOH 59.9 107.5 1.6309 | — 
uectie neotio 
Bromoacetic |Bromoethanoie: monohbromo- IBrCEIbCODIL EU 208 1.934 -- 
uectie; (mona)hromacetie ` 
Tadoacetic Hodoetlianoic; nonaiodoacetie [[CESCOGOII 82 — e — 
eChloropro-. 2-Chloroprepanoia CIISCIICI,COOUL -— 180 1.300 — 
pionie 
B-Chloropro-. 3-Chloropropanoio ICICESCHCOOH 80.5 (204 — — 
pome 
w Bromo- Z-Broinobutanoie CIBGCIBCIHIBr.COOH ~4 182a 1.5669 os 
butyric 
D. Miscellaneous 
Thioglycolie |Mereaptuacetie HSCISCOOH --18,ᾱ |108χε 1.3253 -~ 
Cyanoaeetic NCCH COOH 65 — — — 
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esters of waxes are derived from higher even-numbered aliphatie alcohols (Cie-Ces) or 
from sterols (q.e.). It is significant from the point of view of their biochemical forma- 
tion that almost all of the naturally occurring aliphatic acids contain an even number 
of carbou atoms... À few of the diearboxylie acids oeeur naturally. for the most partin 
plants (sec Acids, dicarboxylic). Of the substituted acids that occur in nature or are 
formed as intermediate products in biochemical processes the most important sre: 
the hydroxy acids lactic, @-hydroxybutyric, rieinoleie, imuic, tartarie, and citric; 
the aldehydo acid glyoxylie; the keto veids pyruvic und aeetoaectie; and a-amino 
acids (see Amino acids). 

Preparation. In addition to the industrial production of the lower alipbatie acids 
hy fermentation and special procedures (seo Formic acid; Acetic acid: Propionic acid; 
Butyric acid) and of the higher fat-forming acids by saponification of naturally oeeur- 
ring glyeerides (see Puts and fatty oils; Fatty aelds), a number of general procedures are 
available for the synthesis of the earboxylie acids. A few such procedures are: 

(1) Oxidation of primary aleohols or aldehydes. 


RCIROH + 2 0 ——— RCOOH + M 


2 RCHO -+2320 -———> 2? RCOOH 


(2) Hydrolysis of nitriles (ya), which in tum are usually prepared from alkyl 
halides. Strong acid is usually employed as eatalyst for the hydrolysis, but à pasie 
Catalyst may also be used. 

RN + KCN — — RCN + KX 
RCN 4- 2 H40 ——— RCOONII; 


(3) Hydrolysis of esters, sanides, acid chlorides, and acid anhydrides. However, 
except for the saponification of glycerkles, this method is of limited importance since 
these compounds are generally prepared from the acids, 

(4) Reaction of Grignard reagents with carbon dioxide. 


RMegN 4- OUS -——25 RCOOMgX 
MN ΠΩ, - 2s 
ICOOMgN -- H40 ———— RCOOTH -E. MgXOH 


(8) Aecetoacetic ester synthesis, Hydrolysis of alkyl-substituted acetoucetic 
esters with strong alkali results in the formation of salts of acetic acid and of an alkyl- 
substituted acetic acid. This hydrolysis is referred to as “acid hydrolysis" (ketonie 
hydrolysis," with dilute alkali, results in ketones (q.0.)): 


OHT - - 
CH4COCHRCOOCSIL, + MO —À CH;COOIT 4- ποιο 4- C,IT;OH 


monoalkylacetoacetic oster 
OH~ . - ΜΙ . 
Ομ ος οσο μας 4- IO ————. CIELCOOLI 47 RR/CECOGOOF -- πιο 


(Alkylated acctoacetic esters are produced by the action of alkyl halides on the sodium 
derivatives of ethyl acetoacetate.) . 

(6) Malonie ester synthesis. Hydrolysis of alkyl-substituted malouie esters 
(usually the ethyl or methyl esters) yields dicarboxylic acids, which on heating decom- 
pose to alk yl-substituted acetie acids aud enrbon dioxide: | 
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COQOC.H; 
a“ Iu . heat . 
R-—C κοκ κος Ο ΟΕ Ιω σε ΟΙ ΟΟΟΠ 4+ CO; 

COOL, 

Ro COOK, R R 

' s ‘ Hea ᾿ heat. - .. 
ο —— CUCODID, - > CHCOOU + CO, 
ROO COOCSHS τὶ R 


(Alkyl-substituted malonie esters are prepared from alkyl halides and the sodium 
derivatives of ethyl malonate.) 

(7) Refonnatsky reaction.  -Hydroxy acids (aud from them by dehydration, 
a, f-unsaturated acids) may be prepared iu the form of esters from. e-halo esters by 
reaction with an aldehyde or ketone and zine in anhydrous ether or ether-henzene, 
followed by hydrolysis: 


BrCIHECOOCHTL, 47 Zn ———2 Brn HCO H: 
ILO . Ar 
πρ 47 RCO ———29 ROBO CCOO GH — 9 ROUOT) CH4COOCUI; 


(R = any hydrocarbon radical, or one ot the R's may be hydrogen.) 


Alicyclie Acids 


This group of acids is characterized by the presence of at least one nonbenzenoid 
cyclic hydrocarbon skeleton. There may be 3, 4, 5, 6 or more carbon atoms in the ring 
(see Aleyclic compounds); the carboxy] group or groups may be joined directly to the 
ring or may be separated from it by one or more carbon atoms. (or certain acids, 
chiefly derivatives of alkylated eyclopentanes and cyclohexanes, ocewring in naph- 
thene-base petroleums, see Naphthenie acids; for abietic acid see Rosin; see also Bile 
constituents; Chaulmoogra oil.) 

TABLE VIL. Alicyclic Acids. 












Formula 
Cyclopropancearhox | CODI 
Cyelopentaneesrboxylie ICs HCOOH . 
Hydnoeurpic 11-(2-CyclopentenyDlen- Callz(C Ha) ΟΠ G0.4(C4-3| -— -- — 
decaunoic 
Chunlmongrir 13-19-CyelopentenyDtri- COH; CTI COOH — 0.5(3-)| — -- - 
deeunoic | 
Hexahydrolenzaie Cyclohexaneearboxylic C, Hau COOL 31 233. |1.0844£? 1.45002? 
2.3,4,5-Tetrahydro- 1-Cyrlohexene-1-carhox ylie CHCOOH 28 243. ]1.1989 -- 
Thenzoie | 
Abietic 1-4,da,¢b,5,6,10,100- Decs- CTI COO H i7Tü(—)300, |1l.132*" ]1.514** 
| hydro-7-isopropyl-I,4a- 
| dimethyl-1-phenanthreno- 
| carhoxy lie 
Camphorie ] eis-1,2,2-T'rimethyl-1,3-eyelo- |CsHs(CTLys(COO IDs |202 (i) | -= 1.18 == 
pentanedieurbox ylie 187 (+) 1.228 
Hexahydroplithalie L3-Cycelohexanedicurboxylie — |CeH( COOIT)s 
cig- 192 — — — 
lrans- 221 























Physical and Chemical Properties. (See Table VIL) The purified acids are 
usually crystalline solids with a low water solubility. Their chemical properties are 
similar to those of the aliphatic carboxylic acids (see “Aliphatic acids,” page 143). 
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Some of the metallic salts and esters are of considerable industrial importance (see also 
Alkyd resins). 

Preparation. Almost all of the industrially inportant alievelic acids are obtained 
from natural sources or by reduction of aromatie adds. Other methots of synthetie 
preparation are therefore of only theoretical interest. One general metliod is the 
Grignard reaction (see method 4 uuder “Aliphatie acids”). 





Aromatic Acids 


Aromatic carboxylic acids contain at least one benzene or other aromatic micleus 
(see Aromatic compounds) aud one or more earboxyl groups joined directly to the ring 
or attached to a side chain. 


TABLE VIH. Aromatic Ácids: Monoearboxylic. 









































1 
Cominon niue 
A. Carhoryl group attached to riug | 
Benznie Benzeneearbox ylie Cob COOH 122 240 
1-Nuphithoic ει Naplitlioic; 1-naplithalene- — CuTI; COO 101 oe 
| earboxyli ! 
2-Nnphthoie B-NuphthoiezZ-naphthalene- — ChooIIL;COOITL δα, ο — 
earboxylic | | 
a-"l'ulnie -Methylbenzuit (“ΗΚ ΟΠΕΙΗ ius 1.06 ne^] LL gor Hes 
m-Toluie m-Metbylbenzoie DHaCSHaCOOLI 111 1.03431:25| 1, 50967 117 
p-Toluic [i-Methylbenzoie iCHECHUcOOH | isi --- — 
o-Chlorobenzoie — | CIC TCOGOH da (e LM | 
mi- Chlorabenzoie CICSMHSCOOTH 1583. l-> — 
p-Chiorobenzoic CIC TAC [243 l- 1.5415 
u-Nitrohenzoie Y 148 τ 1.575 
m-Nitrobenzoic 142 -— 1.494 
p-Nitrubenzoio 34ü — — πον 
3,5- Dinitrubenzaie 205,8 | — 1, 685 τ 
Sulieylic o-LI ydroxy henzuic ΠΟΙΟ 186 — 1.444 =~ 
m-Hydroxyhenzoiu HOCHLCÓOIH 200.8 | — 1.473 — 
p-Hydroxybenznie HOC COOTI zi — 1.468 — 
Gallie 3,4,5-Trihydroxybenzene- KIEOTCSHeCOOH 240 — 1.6504 --- 
enrboxylie 
Anixie p-Methoxyhenuzoiet p-nnisie COHT;OCSHGCOO H 184.2 [77 1.370 — 
Veratrie 3,4-Dimethoxybenzoie (CHO) CFC OOH 179.5 | — — --- 
Anthranilic o- A minubéenzoic NEC COOH 145 — — --- 
m-Aminobenzoi« NIHSCHTCOOII 174 =- --- — 
p-Aminobenzoie NIC HACOOE 187 — — -- 
B. Carbaxyl yroup nal attached to ring 

Phenylacetic eTolnic Catb HCOOH 78 20n.h 1.338 1.0025 0 
2,4-Diellorophen- |.2,4-n CLCIH;OCHS3COOH 1138-140) — -— --- 

oxyncetic 
Hydrocinnamic 8-Phenylprapionie CeaEyCHSCIISCOOH iu 280 1, 02g w -- 
y-Phenylbutyric 3-Phenyl-1-propaneearboxylie |CaElstC H2)3COO1I 51.7 Mn =- == 
Cinnamie trans-8-Phenylacry lic COH CE: CHCOOH | 136 300 1.245 — 
1-Naphthalene- &-Nuphthylacetic (Cin H;CHeCOOH 131 — — a 

acetic 
Mandelis Phenylglyeolie CoHSCHOILCOOH 

DL- } 120. | -~ 1,400 Uu 

n(—)- 118 = 1.341 — 





Physical and Chemical Properties. (See Tables VIIL sud IX.) The aromatie 
carboxylic acids are crystalline solids, mast of them with relatively high melting points. 
They generally have a rather low water solubility; however, the acids with more than 
one carboxyl group and a few of the substituted acids show an increased solubility in 
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TABLE IX. Aromatic Acids: Di- and Polycarboxylic. 








| . ALp., By., a ne 
Common name Synonytus Fortateles ος. ας. 1 b 
-— μυ - emesen e o ee | ee ae ννννννννν ----]-----. 
al. Carboeyl groups alached to ring | 

Phthalic 1,2-Benzenelirarboxylic; o-plhthalie Ca COO: 230 (dee.)| — 1.593) — 

Isophthalie 1,3-Benz'nedicirbox yliv Ic Ha COI) 348.5 — jv == 

"Terephthüulie L,4-Benzenedicarboxylis Cella C€'OOID: — 300. (subl.)| -— — 

Diphenic 2,27-Biphenyldiearboxylic HOOC.CSHuCSIBCOOH | 229 — — — 

Λο Πο Henzenehexaearhoxylte Ust CODE) 288 -- -- — 
B. Carboryl groups rot altarhed to ring | | 

Hotuophthalic o-Curbosy-cetalutes ce, 2-toluene-— HEOOCuCSERCHTCOO TDI 183 — -— — 
Po dicarboxylie | 

a-Phenylenedi- ALD-Benzenediacetic Cablic C HiCOOIDA 150 — E — 
avetic | 





water. Besides the chemical transformations characteristic of the carboxyl group, the’ 
aromatic acids may undergo reactions involving the aromatic nucleus or substituents 
on the nucleus (see Aromatic compounds). 

In general, acids that have the carboxyl group separated from the aromatic 
nucleus (such as phenylaeetie and. hydroeimnamie) have properties that closely re- 
semble those of the aliphatic carboxylic acids. (Sec also Tannie acid.) 

Occurrence. A few of the most familiar aromatic acids (benzoic acid (¢.0.), 
salicylic acid (g.v.), gallice acid (q.v.), and cinnamie acid (q.v.)) occur naturally in free 
and combined forms in many resins and balsams (see Resins, natural). However, most 
of the aeids are only of synthetic origin. 

Preparation. In addition to the special industrial procedures for specific aromatic 
acids (see Benzoic acid; Phihalie acid; ote), methods similar to those for the synthesis 
of aliphatic acids are applicable, notably the hydrolysis of nitriles and the Grignard 
reaction (see “Aliphatic acids,” page 143). A few other methods, which are of con- 
siderable industrial and synthetic importance, are also available. 

(1) Oxidation of aromatic hydrocarbons containing side chains or more than one 
ring results in the formation of aromatic carboxylic acids. For example: 











oxidation . . 

CoH CI, —À Cs HCOOH 
toluene benzoic acid 
CH; COOLE 

6 oxidation ΄ 

i — 

CIL COOH 

Iz Ν΄ OOH 
m-xylene isophthalie acid 

enn COOL 

| nato 

V VA COOH 
naphthalene phthalic acid 


A variety of oxidizing agents have been used industrially, including chlorine, nitric 
acid, dichromate, and air in the presence of a catalyst such as vanadium pentoxide. 
The method is also applicable to substituted hydrocarbons (thus p-chlorotoluene may 
be oxidized to p-ehlorobenzoic acid). 
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(2) The oxidation of substituted aecetophenoues, RCOCH; (neliding. aceto- 
naphthones), with hypochlorite is an important method for the preparation of suh- 
stituted acids. Substituted aectophenones may be prepared by the Friedel-Crafts 
ketone synthesis: αι 


. . (πο NaOH 0. - 
RCOCIH; ———9 BCOCCT, —— RCOOH + CHCH 


(R is a substituted aromatie group.) — (See iso Aectaphenoue: Fricdel-Crafts reaction; 
Ketones.) 

(3) Substitution in the nvomatic wuclens serves for the preparation of some sub- 
stituted acids, but not for the highly substituted, heeause the carboxy! group attached 
to an aromatic ring is generally meta-directive and hinders further substitution on the 
nucleus. Hence the preparation of highly substituted aromatic aeids, ancl also of acids 
with the carboxyl group attached to side chains, is frequently accomplished by 
methods specific for the acid in question. 

(4) Direct carboxylation of the arumatic nucleus is possible when the ring is 
sufficiently activated, usually by one or more hydroxyl groups. The process involves 
treating the alkali metal salt of a phenol with carbon dioxide at an elevated tempera- 
ture and then acidifying to berate the hydroxy acid (see Salicylic acid), 


Heterocyclic Acids 


Heterocyclic acids are characterized by the presence of oue or more heterocyclic 
rings (see Heterocyelic compounds). For a few representative acids see Table X. 


. TABLE X. Heterocyclic Acids. 























Commun ni in Syuony Formula l ALB. Po 
Picolini« | 2-Pyridinecarboxylie CTL NCOOEL 130 | subl. 
Nicotinic 3-Pyridincearbox ylic CIT,NCOOH | 252 j subl, 
H | 
Indoxylic 8-Hydroxy-2-indoleear- | | | X "OH — 123 ubl.) 
boxylie; indogenic | | lll oM | 
It | 
oa ON, | 
3-Indoleacetic | Heteroauxin; B-indulyl — | | | ' | 165 — 
acetic l βοο CHCOOH | 
Cinchoninic 4-Quinolinecarboxylie; ΙΓ ΟΗΕΝΟΟΩΠ 954 — 
cinchonie | 
Furoic | 2-Furancarboxylie; 2- | CHOCOOH 185 232 
furoie; pyromueic 
2-Thiophene- a-Thiophenie CALSCOOLL | 128.5 , 260 (subl.) 
. ] 
esrboxylic | 
Quinolinie 2,3-Pyridinedicarbosylie | CALN(COO He 195 — 
Acridinic 2,3-Quinolinediearboxylie | Cyl SN(COOH jy | I08 (dee.) | -- 
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ACIDS, DICARBOXYLIC 


The acids deseribed here are saturated aliphatie dieavboxylie ucids of the series he- 
ginning with oxalie acid, with the general formula C He (COOH a, in whieh n = 3 to 8, 
inclusive. (See also sleds, carbowylic; Malonie acid; Oxralie œd, Suceinic acid.) 
Some of the physical properties of these acids show a regular variation for the "odd" 
and "even" acids (iit i Cose containing an odd or even number of carbon atoms, 
respectively), Thus, the odd acids have lower melting points than the even acids 
immediately preceding them in the series. Azelaie acid, for example, with 9 carbon 
atoms, has a lower melting point than suberic acid, with 8 (see Fig. 1). Similarly, the 
water solubilities of the odd acids are higher than those of the preceding even acids (see 
Fig. 2). These contrasts become less marked in acids with higher molecular weights. 
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Fig. 1. Melting points of straight-chain dicarboxylic acids. 


On dehydration, oxalic acid decomposes, giving carbon monoxide and earbon 
dioxide. Malonic acid uncer somewhat similar conditions produces carbon sub- 
oxide. In neither case are the yields those suggested by the equations: 


HOOC.COOH ———> CO + CO, + HO 
HOOCCH,COOH ——-~3 0:C:0:C:0 + 2 H:0 


Succinie and glutaric acids are unique in the series: on dehydration they yield 
eyclic anhydrides (see Acid anhydrides), 


0 
CB,—O00H JI. 
——3À Ὁ +O 
CH,—COOH bac” 
b 
The higher acids of the series all yield high-molecular (polymeric) anhydrides: 
2 HOOC(CH:) «COOH ———> ~-0.0C(CH,},C0.0.CO(CH),CO— ++ 2 T5,0 


In general, the dicarboxylic acids included here are prepared by oxidizing cer- 
tain alicyclic and aliphatic compounds. The acids having an odd number of carbon 
atoms are considerably more difficult to prepare by oxidation than are the acids 
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having an even number. Therefore the odd arids, hecause they are less readily 
available and more expensive, have found little application. 

These dicarboxylic acids react readily, mostly without deeomposition, with puly- 
functional alcohols and amines and are hence important in synthetic resin and plastic 
manufacture. "lhermosetting compouuda form when a; trifunetional aleohol sucli us 
glycerol is used, while with ethylene glyeol a high-moleculur polvester may be formed 
by prolonged esterifieation. Similarly, with diamines, high-moleeular polyamides 
(nylons) are formed, as from adipic acid and a diamine. There are muny references in 
the patent literature describing variations on the polveoudeusations just. mentioned, 
and the products are recommended for a wide variety of uses ranging from plasticizers 
to cloth coatings and from adhesives to rubber sub- 
stitutes. See also “Miscellaneous alkyds? under 
Alkyd resins, Polyamides. 
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Glutaric Acid 


Ghitarie acid (pentanediaie aeid (1. νο], 
1,3-propanediearboxylie acid, n-pyrotartarie acid), 
HOOC(CH,),COOH, formula weight, 132.11; m.p., 
907.5?C.; b.p. 803°C; water solubility, 63.9 grams 
per 100 grams at 20°; soluble in absolute aleohol, 
ether; erystalline form, monoclinic plates. Glu- | Mumuer DF CARBON ATOMS 
tarie acid is prepared by the oxidation of certain 
cyclic compounds, chiefly eyelopentanol and evelo- 
pentanone, by nitric acid (4,5) or by air iu the 
presence of a catalyst (2). Other methods include the vapor-phase catalytic oxida- 
tion of methyleyeluhexane or petroleum fractious rich in eyelohexanes (8). I may 
be prepared in the laboratory from trimethylene bromide through the eyanide. 
Glutarie acid is used in organie synthesis and in diabetes studies with animals, 





WATER SOLUBILITY, 2 “100 


Fig. 2. Water solubilities of 
straight-chain dicarboxylic acids. 


Adipic Acid 


Adipie acid (hexanedivie acid (LU.C.), 1,4-butanedicarboxylie acid), HOOC- 
(CH34COOH, fonnula weight 146.14, forms colorless crystals. The trivial name is 
derived from the Latin word for fat, adeps, adipis. The acid is not found in natural 
products as such, but occurs in natural products that have become rancid owing to 
oxidation. It was first synthesized in 1902 from tetramethylene bromide, aud 
was described by Thorpe in 1909. 

Properties. M.p., 153°C.; bi, 265°C.; bby, 244°; by, 216°; bow, 205°; water 
solubility, 1.5 grams per 100 grams at 15°; soluble in alcohol; crystalline form, mono- 
clinic (from hot nitric acid); K (st), 3.76 & 10-5 at 24°C,: K (2nd), 2.4 X 10 at 
25°, 

On heating, adipie acid forms an anhydride (m.p. 22°C., Ῥηι 98-1009. Dis- 
tillation of caleium adipate yields eyclopentanone. 

Methods of Preparation. Commercial methods of prepuring adipic acid arc 
generally based on catalytic oxidation of cyclohexanone or cyclohexanol. Nitric 
acid is the most widely used oxidizing agent (9-11) although nitrous oxide (12) and 
oxygen (13) are also reported in the literature. The catalysts usecl in the nitric acicl 
oxidation may be metallic oxides, such as those of yanadium, mereury, manganese, 
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or molybdenum (9), or salts, stich ag mercuric sulfate or ammonium vanadate (9), 
or copper salts in conjunction with sulfurie acid (10). Depending on the process 
selected, the temperature of the reaction may vary from 35? to 275°C. Alternate 
oxidative procedures involve the action of potassium permanganate on cyclo- 
hexanone or cyclohexanol, or the action of a dichromate and sulfuric acid on cyelo- 
hexene. In addition to the oxidation processes mentioned above, adipie acid can 
also be produced synthetically (8) by (a) the action of metallic silver on B-iodo- 
propionic acid at 180-140 °C. (if silver is replaced by copper the reaction temperature 
is 160°), (b) the electrolysis of ethyl potassium suceinate, (c) the hydrolysis of tetra- 
methylene cyanide, or (d) the hydrolysis and splitting of ethyl y-eyanopropylmalonate. 

Uses. The most important use of adipic acid (or its nitrile) is in the manufacture 
of nylon (see Polyamides) by polycondensation, particularly with hexamethylenedi- 
amine (derived from adipic acid). Adipic acid is also used as a substitute for tartaric 
acid in baking powders and in the manufacture of mineral waters. Certain of its esters 
are useful gelatinizing agents and plasticizers; those shown in Table I may be used 
with cellulose acetate or cellulose acetate butyrate as plasticizers. 


TABLE I. Properties of Esters of Adipic Acid. 




















| ο Γπωνι 
Ester Description Mal. B.p., "C. d? nu water, 
Diethyl adipate Water-white liquid | 202 245 1.002 | 1.426 | 0.060 
Dimelhoxyetliyl adipate | Water-whiteliquid | 262 | 185—100 26 11 mm. | 1.075 | 1.430 | 1.42 
Diethoxyethyladipate | Water-white liquid | 290 165 at 4 mm. 1.080 | 1.439 | 0,248 





Pimelic Acid 


Pimelie acid (heptanedicic acid (I.U.C.), 1,5-pentanedicarboxylic acid), HOOC- . 
(CHCOOH, formula weight, 160.17; m.p., 103?C.; b,w, 272?C.; water solu- 
bility, 2.5 grams per 100 grams at 14°; soluble in aleohol, ether; crystalline form, 
monoclinic from water. Its name is derived from the Greek word for fat, “pimele.”’ 
Pimelie acid was first prepared by the oxidation of suberone (cyeloheptanone). It 
may also be made: from cyclohexanone by chlorinating, preparing the cyanide, 
and treating with sodium hydroxide; from salicylic acid by the action of sodium in 
amyl aleohol; and by heating pentamethylenetetracarboxylic acid, product of the 
reaction between trimethylene bromide and sodium malonie ester. Pimelic acid 
may be used as a precursor in the biological synthesis of biotin. 


Suberic Acid 


Suberie acid (octanedioie acid, 1,6-hexanedicarboxylic acid), HOOC(CHa.)«é- 
COOH, formula weight, 174.19; m.p., 140°C.; bin, 279°C.; water solubility, 0.16 
gram per 100 grams at 20°; soluble in aleohol; crystalline form, long needles or 
irregular plates. It is named from its preparation by the oxidation of cork (Latin 
suber). Suberic acid can be prepared by the oxidation of castor oil (chiefly glycerol 
ticinoleate) or ricinoleic acid. Nitrie acid is used as an oxidizing agent, and the 
product (I) is a mixture of suberic and azelaic acids. Conditions favoring a high 


— — 5, HOOC(CHj,COOH 
CHCH) CHOHCH:CH: CH(CH);COOH | 
L- HOOC(CE,); COOH 
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suberie acid. yield are high temperatare and a relatively long oxidation period with 
dilute uitrie acid (17). The two acids can be separated by vacuum distillation of 
their methyl esters (16). Suberie acid ean also be obtained by oxidation of cyclodctene, 
Cau, which is prepared by partial hydrogenation of eycludctatetraene, CsIlg; recently 
cycloóctatetraene has been. made available on 4 commercial scale by the controlled 
polymerization of acetylene (16a). Suberic acid has found some use in alkyd resin 
manufacture. On condensation polymerization with diamines, subcric acid gives rise 
to polyamides (q.v.); the product formed with octamethylenediamine (derived from 
suberic acid) is sometimes called an “8-8 nylon,” in distinction from the “6-6 nylon” 
derived from adipic acid. 


Azelaic Acid 


Azelaic acid (nonanedioic acid (1.0.C.), 1,7-heptancdicarboxylic acid, lepargylic 
avid), HOOC(CH.),COOH, formula weight, 188.22; m.p., 106°C.; b.p., above 
360°C.; bin, 287°; bso, 265°; bis, 237°; bi, 226°; water solubility, 0.2 gram per 
100 grams at 15°, 1.65 grams per 100 grams at 55°; ether solubility, 2.7 grams per 
100 grams at 15°; crystalline form, leaflets or fattened needles; K (1st), 2.88 x 10-5 
af 25°C.; K (2nd), 2.8 X 10 9a2t25?. "Phe name *'azelaie" is derived from “azotit” 
(nitric) and “elaidic” (au acid stercoisomeric with oleic acid) because the acid can be 
obtained by nitric acid oxidation of oleic acid. Azelaic acid is found in natural 
products only after exposure to the oxidative influence of the atmosphere, which 
results in the oxidation of the unsaturated acids of the natural product. Thus 
erushed eastor beans, when rancid, contam azelaie acid (25). 

Heating the calcium salt of azelaie acid results in the formation of cyclo- 
o¢tanone. Azelaie acid condenses with glycerol to form a plastic material (22) and 
combines with castor oi! to yield clastic products resembling natural ( Mewea) rubber. 

Azelaie acid may be prepared in yields of 80-35% trom the acid obtained by the 
saponification of commercial grades of castor oil (24). The ricinoleic acid is dis- 
solved in a water solution of 50% excess potassium hydroxide, and the solution thus 
prepared is treated with a water solution of approximately four times the molecular 
proportions of potassium permanganate. The reaction is moderately exothermic, 
but is very easily coutrolled. The solution of potassium azclate needs only to be 
acidified, filtered to remove manganese dioxide, concentrated, and filtered to recover 
the azelaic acid. 

Alternate methods of preparation inelude the nitric acid oxidation of ricinoleic 
acid (18,21,26) (see also “Suberic acid” above), the ozonization of oleic acid and the 
decomposition of the ‘ozonide (26), and the dichromate-sulfurie acid oxidation of 
dihydroxystearic acid (20). 


Sebacic Acid 


Sebacie acid (sebacylic acid, decanedioie acid (I.U.C.), 1,8-octanedicarboxylie 
acid), HOOC(CH;COOH, fonnula weight 202.24, forms colorless leaflets; m.p., 
134.89C.; bius, 294.5°C.; water solubility, 0.1 gram per 100 grams at 15°; soluble in 
alcohol. 

Methods of Preparation.  Sebacie acid is manufactured by treating castor oil 
with caustic alkali at an elevated temperature, Various methods utilize the caustic 
in solid form, in aqueous medium, or suspended in a high-boiling organic liquid such 
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as white mineral oil (29,80). When aqueous caustie is employed, batch operation 
in an autoclave may be used to keep (he water in Liquid state, In another process 
castor oil is slowly added to 4 sodium hydroxide solution, maintained at 245°C, 
ina kettle connected to a distilling colimn, ‘Che chief by-product formed, 2-octandl, 
passes off, along with some water vapor, into a condensing system. The hydrogen 
evolved is vented mid a separator returns the water to the reaction mixture, maintain- 
ing its boiling point constant. At the completion of a rim, the residue, which contains 
the alkali salt of sebacic acid, is run off and dispersed in water. Acidification of the 
aqueous layer yields sebacie ucid as x fine white precipitate. The yield is about 40% 
by weight of the castor oil charged (29). 

Castor oil fatty acicls, largely ricinolete acid, also yield sebaeie acid when treated 
like castor oi]. These reactions involve a migration of the double bond away from 
the acid group: 


CH,(CH,) ,;CHONCILCIH: CH(CH,) COOH ———-> CH,(CH.) ,CHOUCH, -- TLOOC(CH, COOL 
This is an illustration of the marked tendency toward the formation, in oxidation 
reactious, of acids having an even number of carbon atoms. Sebacie acid has been 
obtained by oxidizing many other natural substances, chiefly fits and oils. 


TABLE IE. Properties of Esters of Sebacic Acid. 


Ester B.p., ^C. 


Bar. 





Diethyl sebacate 308 0.965 at 20° 
Dibutyl sebacate 344-345 0.033 at 15? 
Dibenzyl sebaente 265 at 4 mm. 1.05 ab 25° 
Dioctyl scbacate 248 at 4 mm. 0.010 at 25? 





Uses. The polyhydric aleohol esters of sebaeie aeid are important in alkyd 
resin applications when flexibility is required, as for couted fabrics. They are suit- 
able, too, as plasticizers for other syuthetic resins. Sebacic acid may be condensed 
with a diamine to produce a nylon. Production of sebacic acid type resins in 1942 
amounted to 429,000 Ib, and in 1943 to 1,444,000 Ib. Certain esters of sebacic acid 
(sce Table ID) are employed as plasticizers for the cellulose plasties. Sebacie acid 
is also used in candle and perfume manufacture. 
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ACIDS, INORGANIC 


The tern “inorganic acids” is generally applied to all substances classified as acids (see 
Acid-base systems) save those that contain carbon and are called “organie acids.” 
The older term “mineral acids” is still often applied. Thus hydrochloric, sulfuric, 
nitric, and chlorosulfonie acids are called inorganic acids, while formic, acetic, oxalic, 
citric, and benzenesulfonie acids are called organic acids (see Acids, carboxylic; Sul- 
fonic acids). There are differences in the practice followed by chemists with respect 
to sueh borderline carbon-containing compounds as carbonic, hydroeyanie, cyanic, 
eyauuric, and carbamic acids. 

While the Brønsted acid-base theory relates the “acid” character of these sub- 
stances to their ability to serve as “donors” of protons to ionizing solvents, it is usual 
to write the formulas of the unreacted molecules to represent the acid both in the pure 
state and in solution. Thus it is usual to write FIC! to represent both the covalent gas 
and the ionie solution. The action between the gaseous molecules aud the solvent 
molecules is considered to be shown hy the equation: HCl +- EO > H,O+ + Cl-. 
It will be noted that this involves the “donation” of a proton to the water molecule 
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This is, of course, no different in fundamentals from the equally well-known donation 
of a proton to ammonia: HCl 4- NH, NH T + En. 

It ig usual to eal] the ion formed by the donation of a proton to a molecule of 
water the “hydronium” ion (or the “oxoniwn” ion). This nae has been chosen by 
analogy with the older name ammonium ion; 


TLO -H ILE -m > FLO ^ (hydrouium) 
ΝΗ; --11-------- NEY (ammonium) 
A similar action is known with many other molecules lh eu “accept”? protous fron 


acids. Thus the high solubility of hydrogen chloride in ether or alcohol is satisfactorily 
explained by postulating a similar action: 


(Cal) sO -F HO] 9 (Calla atlot 4- CL 
“Polybasie” acids are represented in similar fashion: for example, sulfuric acid 
by the formula F380,, aud orthophosphorie aeid by the formula H;PO,.. The actions 


of these substances with water are considered to be those shown by the following 
equations: 


WSO, + HO sss 10% - ΠΗῸΣ 





HSOZ -F1L0zZ——2H0t*-J4BOi 


IPO, 4 H,0 z——— HSO* 4- ILPOS 
ILPOZ + H0 £——2 I1L0* -4- HPO 
HPO -H H,0 z——— Tt pO 


These polybasic acids are thus considered to undergo successive actions with water 
(“step-wise ionization”), It is usual to speak of the primary and secondary ionizations 
of sulfurie acid; and of the primary, secondary, snd tertiary ionizations of orthophos- 
phoric acids. Ionization constants are given in the literature for each of these “ion- 
izations.” It should be noticed that polybasicity and its extent must be established 
by experiment, and that conventional formulas could easily be misleading. Thus 
*'orthophosphorous acid," F4PO;, is dibasie rather than tribasie: HPO; + FLO z 
H30 * -- H5PO 5 ; HPO; + LO HOt -+ HPO, Consequently, the formula for 
this compound is sometimes written as HaETPOs;, or as HaP HO». 

In the examples above it is seen that certain anions formed when molecules of 
polybasic acids react with water are themselves capable of donating protons. Tor ex- 
ample, H,SO, is said to be a “neutral molecule” acid, while HSOF is said to be an 
“anion” acid. When a cation acts as a proton donor, we have a cation acid. An 
illustration is found in the action of the hydrated cuprie ion (obtained, lor example, 
by dissolving cupric sulfate with water:  [Cu(HO),]?+ + ILO — [Cu(H20)s(OID |+ 
+ O+ (See Acid-base systems.) 

Inorganic acids are often classified as “strong” or “weak” acids, depending upon 
the relative concentrations of hydronium (hydrogen) ion in solutions of equivalent 
concentration. Some strong acids frequently met are hydrochloric, perchloric, sulfuric, 
and nitric; some weak acids are hydrosulfurie (T28), earbonie, and sulfurous. Those 
differences are related to the proportion of the molecules of the acid that transfer 
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protons to water molecules (or other solvents). 'Dhus, hydrogen chloride transfers 
protous to water readily and completely, while hydrogen sulfide does not. Dilute 
hydrochloric acid may be considered to be completely ionized, while the first ioniza- 
tion constant of hydrosulfuric acid is of the degree of magnitude of 9 & 1078 for the 
equilibrium: 


H:S + HO = Ot + HS- 


[HO]* x [US]- κ 
πτιβι TOMÓ 


Some apparent ionization constants are shown in Table I, including the constant, for 
the organic acetic acid for comparison. 


TABLE I. Ionization Constants for a Few Relatively Weak Acids. 


Ten- . Fem- 





Acid Ka porature, Acid KA peruture, 

°C, e(t 

Acetic 1.8 X 107* 25 Phosphoric Lix 102 18 
(primary) 

Carbonic 3 x 1077 18 Sulfurous 1.7 X 107? 25 
(primary) (primary) 

: Hydrazoie 1.9 x 1075 25 Tellurie 6 x 10-7 25 
(primary) 

Tlypochlorous 3.7 x lo78 17 Tellurous 3 X 10-7? 25 
(primary) 


A second set, of terms often applied to inorganic acids is "nonoxidizing" and 
“oxidizing.” Typical nonoxidizing acids are hydrochloric, phosphoric, and carbonie, 
while typical oxidizing acids are nitric and (at elevated temperatures and high con- 
centration) sulfuric. 

The aétion of such a typical oxidizing acid as nitric acid is one that almost always 
involves the production of some reduction product of nitric acid; for example, in the 
reaction of moderately conceutrated nitrie acid with metallic zinc the products are 
zinc ion in solution and a mixture of reduction products, depending on the concen- 
tration of the acid and other conditions: nitrogen dioxide (NO), nitrie oxide (NO), 
nitrous oxide (INO), nitrogen, ammonium ion, hydroxylammonium ion. (NTOH *), 
ete. The fact that such an action was noted with mactive metals such as copper 
or silver as well as with active metals, led to a practice that differentiated these 
acids from the others. Thus the marked clifference thought to exist by the older 
views, is shown by the following equations: 


Mg + HCl ——> H: + MgCl: (nonoxidizing) 

Mg 4- 2 HNO, ——-— Mg(NO9s 4- Ha (nonoxidizing) 

3 Mg + 8 HNO; ———> 2NO 4+ 47.0 + 3 Mg(NO;). (ovidizing) 
8 Cu + 8 TINO, —--— 2 NO + 4120 + 3 Cu(NO;)2 _ (oxidizing) 


The “oxidizing” acids are in general characterized by somewhat higher oxida- 
tion potentials than the "nonoxidizing" acida. 

From the point of view of modern concepts of oxidation and reduction, these 
terms are nof entirely appropriate, since the action of active metal with hydro- 
chloric acid is correctly interpreted as an oxidation-reduction action; thus the action 
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of hydronium ion in a solution of hydrochlorie acid with metallic zine to yield hy- 
drogen and the zine ion in solution is, sirictly speaking, an action in which zine is 
oxidized nid hydronium ion reduced. Electronic equations showing these actions are: 
Zu 4 6150 — 2e —— —29 Zu HO) 
210+ -+ 2e ————2 Hi -- 210 


R. 1, KIRK 


ACIDS, SULFONIC. Seo Sulfonic acida. 

ACID WOOL COLORS. Nec Anthraquinone dyes. 

ACMITE, NaFe(SiQ4)s.— Soo Silica and silicates. 

ACONINE, C H4 NO, See Alkaloids; Cardiovaseular agents. 


ACONITIC ACID 


Aconitie acid (1,2,3-propenetricarboxylic acid (1.U.C.)), HOOC.CH:.C(COOH):- 
CH.COOH, formula weight 174.11, forms colorless erystals. It occurs in nature in 
Aconitum napellus, Hquisetum fluviatile, sugar cane, and beet root (7). Aconitic 
acid was mentioned in the literature as carly as 1856 by Dessaignes. Sinee that lime 
several syntheses and methods of recovery [rom the various plant juices have been 
deseribed. Moderate amounts of aconitic acid have been produced from citric acid 
and from calcium magnesium aconitate recovered from sugar-cane juices, but actual 
production figures are not available. 


Physical and Chemical Properties 


Aconitie acid oecurs in two isomeric forms, eis aud trans. 


ae -COO0HK He = COOH 
‘ ; CO OH V 000 H 
HO--COOTI TIOQC-—CH 
chs trans 


M.p., of cis 125°C., of trans 185-210°C. with decompn. (m.p. depends on method 
used ju determinations); m.p. of anhydride, of cis 74?C., of trans 184-135°C.; 
K (1st) of trans — 1.58 X 107 at 25°C., K (2nd) of traus = 3.5 X 10-* at 25°. 
Crystalline form; cis, unreported; trans, leaflets from water. Solubility of trans 
form, 1 part in 5.5 parts of water at 18°C.; 1 part in two parts of water at 25°C.; 
1 part in two parts of 88% cthyl alcohol at 12°C.; sparingly soluble in ethyl ether. 
Both forms add bromine only with difficulty, but the cis form adds it more readily 
than the trans isomer. Both forms are reduced by sodium amalgam to tricarballylic 
acid, HOOC.CH2.CH(COOH).CH,COOH,. The trans form adds hydrogen bromide 
at 100°C, to yield bromotricarballylie acid. 

Heating the cis form converts it to the trans isomer. The trans form decom- 
poses at the melting point but when heated in water solution to 180°C. forms itaconic 
acid (g.v.) (methylencsuccinie acid, HOOC.C(:CHe).CH».COOH) and carbon di- 
oxide. Warming aconitie acid with acetic anhydride produces a faint pink, which 
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on further heating changes to violet, green, and finally deep brown. Addition of a 
drop of pyridine to the aconitie acid-acetic anhydride mixture produces a reddish 
purple as the final color without heating (3). This test is not specife for aconitie 
acid, since similar color reactions take place with itaconic and certain other acids. 


Manufacture 


Purely synthetic methods that have not found commercial application include 
(a) the reaction of acetylenediearboxylie ester with the sodium derivative of malonic 
ester to give a tetracarboxylic acid ester, which on treatment with barium hydroxide 
yields aconitie acid, and (b) the reaction of sodium cyanoneetate with oxaloacetic 
acid to produce cyanoaconitic acid ester, which on boiling with hydrochloric acid 
yields aconitic acid. Probably all of the aconitie acid produced commercially has been 
made by (1) the mineral acid dehydration of citrie acid or (2) the liberation of the free 
acid from calcium magnesium aconitate recovered from plant juices. (Z) Although 
hydrochloric, hydrobromie, and sulfuric acids (2,6) have been mentioned as being suit- 
able in this process, engineering considerations have led to the use of sulfuric acid. In 
the sulfuric acid process a solution of 200 Ib. of hydrated citric acid, 200 Ib. of 98% 
sulfuric acid, and 100 lb. of water is heated at 140-145°C. for seven hours and then 
allowed to cool to 40°C, The resulting crystalline product is practically pure aconitic 
acid. The overall yield is approximately 40%. The unconverted citric acid remaining 
in the sulfuric acid is not suitable for recycling in the process. (2) Sulfuric acid (9,10, 
11) is also preferred for the treatment of calcium magnesium aconitate, although hydro- 
chloric acid (5) has been suggested for treating the insoluble residue remaining after the 
concentration of cane sirup. 

In another process proposed recently for the production of aconitic acid, a mixture 
of anhydrous citric acid and a suitable catalyst, such as fuller's earth and phosphoric 
acid, is heated either under vacuum or while suspended in à suitable organic liquid that 
is a nonsolvent for the citrie aeid (8). Water is evolved during this process and when 
1/3 mole of water per mole of citrie acid in the reaction vessel has been liberated, the 
reaction is discontinued, the reaction product is dissolved in water, and the aconitic 
acid present is extracted [rom the water solution by means of an organic solvent such as 
methyl isobutyl ketone. Recovery of relatively pure aconitic acid is finally accom- 
plished by vacuum distillation of the solvent. The latter process is noncorrosive and 
the unconverted citric acid is suitable for recycling in the process, 


Properties of Esters of Aconitic Acid. 














Property Triethyl aconitate Trien-butyl aconitale 
Description Water-white liquid Water-white liquid 
Formula weight 258 342 
D.p., °C. 154-156 at 5 mm, 190 at 3 mm. 
Sp.gr. 1.0967 1.018% 
ny 1.4517 1.4582 
Soly. in water 0.18% Insol. 

Uses 


Because of its polyfunctionality, aconitic acid is of interest as a possible in- 
gredient of resins of the modified alkyd type. Its triethyl and tri-n-butyl esters have 
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been recommended as plasticizers for plasties and the butadienc-type synthetic 
rubbers. Taconic acid, formed by heating a water solution of aconitic acid to 180°C,, 
may he used in the manufacture of plasties resembling the inethyl methacrylate 
polymers. 
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ACONITINE, CaiHa;7NOu. See Alkaloids; Cardiovascular agents. 


ACOUSTICAL BUILDING MATERIALS 


The building materials used in arehiteetural acousties fall into two broad classes, 
corresponding to the (wo major divisions of acoustical engincering as applied to 
building construction, Tle first class comprises sound-absorbent materials, which are 
used in the control of interior room acoustics. The second elass, comprising sownd- 
or vibration-insulating matcriuls, which are used to insulate a building or a part of a 
building from exterior sources of sound or vibration, are sometimes also called 
resilient materzals, since their insulation properties are a result, of their ability to 
return to their original shape after being subjected to considerable deflection or 
deformation. Sce also Building materials; Insulation, thermal. 

Architectural acoustics includes the provision of proper auditory conditions for 
auditoriums, theaters, churches, broadcasting studios, sound movie stages, ete., and 
the prevention or control of undesirable noise in such places ag offices, residences, 
and hospitals. Proper acoustical design requires that many factors be considered: 
weight, rigidity, and tightness of the construction; size and shape of the interior 
spaces; and locations and types of noise sources in the building. For a more 
complete discussion of architectural acoustics, see references 3 to 6, page 168. 
This discussion deals only with the speeial building materials used to control the 
acoustics of buildings. 

The level to which sound will build up in a room depends upon the rate at 
which the room surfaces and interior furnishings absorb sound energy. A source 
sounding continuously in a room will build up the total sound energy level until the 
rate of sound energy absorption is equal to the rate at which the source is supplying 
encrgy to the room. Thus, a shuple way to control the sound level in the room is 
by increasing or decreasing the absorbing power of the room surfaces. In a similar 
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way, once the source has been shut off, the persistence of the sound, or what is 
technically known as the reverberation, will also depend on the rate at which the 
room surfaces and furnishings take up the energy. The length of time during 
which a sound of a given initial level will be audible, after the source is stopped, 
will be inversely proportional to the total absorption present in the room. Since 
hoth the initial steady-state sound level and the reverberation time are important 
factors in securing suitable room acoustics, it will be seen that the sound absorption 
properties of the materials used within the room are of primary importance. Since 
sound is a form of energy, and as such is subject to the laws governing the con- 
servation of energy, sound encrgy cannot be destroyed. A sound-absorbent ma- 
terial actually “absorbs” the cnergy of the incident sound waves by converting it 
into some other form of energy, usually heat. However, since the amount of 
energy in even very loud sound waves is exceedingly small, the heat thus produced 
is of no significance, 


Methods of Testing Sound-Absorbent Materials 


The conventional method of rating the effectiveness of a sound-absorbent 
material is in terms of & sound absorption eoofficient. If we assume a sound wave 
striking the material, this coefficient represents the ratio of the difference between 
the sound energy in the incident and reflected waves to the energy in the incident, 
wave, This idea, while simple as a physical concept, is extremely difficult to realize 
in actual experiment. Only very high-frequency sound waves can be controlled in 
any sort of beam; systems for measuring the coefficient of absorption for low- 
frequency waves must take account of diffraction, scattering, interference, ete. 
The coefficient of sound absorption varies to some extent with the angle of incidence 
of the sound wave, being markedly different at angles which approach grazing 
incidence in the case of a number of materials. 

It is common practice among acoustical engineers to average out these various 
effects by usiug a reverberation chamber. A considerable area of the material to he 
tested (40-100 sq.ft.) is placed on the floor of a good-sized highly reverberant room. 
Instead of measuring the absorption coefficient directly, the reverberation lime of 
the room is determined with and without the sample of sound-absorbent material. 
From the difference in reverberation times, the sound absorption of the test sample 
is deduced by conventional formulas. 

More detailed information on the effect of the material on incident sound waves 
may be obtained from a knowledge of its acoustie impedance (4), defined as the 
sound pressure required to produce unit velocity of air motion at the surface of the 
material, Whereas the sound absorption coefficient, as measured in the reverbcra- 
tion chamber, permits only a calculation of gross energy offects, & knowledge of 
acoustie impedance allows the enginecr to predict in some detail the influence of the 
material upon the reflected train of sound waves. By analogy with electrical theory, 
acoustic impedance is considered to have a resistive and a reactive component. The 
resistive component may frequently be deduced from a measurement of flow resist- 
ance: the resistance offered by the material to the flow of air under a given pressure 
head. The direct measurement of impedance is commonly made in a closed 
tube. The sound waves are directed bhy a speaker placed at one end toward a sample 
closing the other end. From the variations in the position and peak pressures of 
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the wave pattern withiv. the tube, the resistive and reactive components of the im- 
pedanee nay be dedueed. This type of test is limited to small samples and to 
types of construction that ean be built into the test tube. Curves are available that 
permit conversion of the acoustic impedance data into sound absorption coefficients 
for waves striking the sample at various angles of incidence. 


Porous Sound-Absorbent Materials 


Porous materials comprise by far the largest elass of sound-absorbent mnieriuls, 
A few of the standard materials used in building construction dissipate a certain 
amount of sound energy throngh mechanical vibration, and there are also a few 
specially designed commercial absorbents that utilize this type of energy conversion, 
However, the loss ot sound energy that occurs at reflection from the ordinary interior 
wall is duc almost entirely to dissipation of sound in the pores of the material. 
Ordinary building materials like wood, eoncrete, plaster, and glass are se dense and 
hard that their cocfficients of absorption are very small, ranging from 0.01 to 0.05. 
Unless special provision is made to introduce more efficient sound-absorbent 
materials, the average room interior depends for Ms sound-absorbent, properties 
almost entirely ou furnishings, such as rugs, curtains, aud upholstered furniture, 
Since the conventional materials of construction are not efficient sound absorbeuts, 
a large number of special materiuks have heen developed that may he substituted 
for, ov placed over, the usual room surfaces to improve the acoustical conditions. 
Experience. has shown that the structure of these materials must be carefully con- 
trolled. The pore structure must extend from the exposed surface entirely through 
the material, that is, it must be intercommunicating throughout. The size of the 
pores is not highly critical. Successful sound absorbents have been developed in 
which the pore size varied all the way from about 0.001 in, in diameter to as much as 
0.050 in. Actually, there are three interrelated variables that must be considered 
in developing a porous sound absorber: pore size, pore length, aud the frequency 
of the sound to be absorbed. The ehoiee of the most suitable pore size will depend 
ou the other two variables. 

The frequencies of interest in architectural acoustics range from about 50 to 
8000 cycles per second for problems involving musie and speech. A common pro- 
cedure in cases in which noise reduction is the primary consideration is to average 
the sound absorption coefficients at 256, 512, 1024, and 2048 cycles por second aud 
use this average as a figure of merit, usually called the “noise reduction coefficient.” 
There is, however, some evidence that the coefficient one octave higher, at 4096 
eycles per second, should he given some weight in the average. 

The two basic properties of the absorber itself, pore size and pore length, are 
roughly defined by the more easily measurable quantities, density and thickness. 
If a material of homogeneous character with completely intereommunicating pores 
is assumed, the pore length will be governed by the thickness and the pore size by 
the density. There are few quantitative data on the effect of these variables on tho 
sound-absorbing efficiency, but certain general relationships are recognized. Given 
constant thickness, an increase in density will nearly always increase the sound 
absorption at low frequencies and decrease it at high frequencies. Starting with a 
very low density, the noise reduction coefficient will first increase with increasing 
density and then decrease. For a given thickness and frequency there is always an 
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optimum density. Given constant density, an increase in thickness will normally 
increase the sound-absorbing efficiency at low frequencies, with the amount of in- 
crease progressively less at higher frequencies. Beyond a certain point, increase of 
thickness may even be detrimental at high frequencies. Accordingly, the noise 
reduction coefficient may be expected to increase asymptotically with increasing 
thickness, ultimately reaching a point beyond which further increase in thickness has 
no significant effect. l'or most commercial materials it is possible by formulation 
and manipulation of density to obtain exccllent results at thicknesses of one inch. 
For special problems such as broadcasting studios the thickness may be increased 
to as much as four inches. In conventional sound absorbents, the ratio of pore 
volume to total volume is usually more than 8095, and in the best, ones it is well 
above 90%. Optimum densities vary widely depending on the specifie gravity of 
the materials used, but a range from six to eighteen pounds per eubie foot will in- 
clude most fiuniliar sound-absorbent materials. 

The sound absorption coefficient of a given material may be affected materially 
by the method of installation. Provision of an air space directly behind the ab- 
sorber, as in the case of furrecl constructions, normally increases the effectiveness at 
low frequencies. Decorative coverings like cloth or perforated membranes or shects 
are frequently placed over conventional porous sound absorbents. Such coverings 
may be readily designed to have sufficient permeability so that they will not alter the 
absorption coefficient of the sound absorbent. On the other hand, if so desired, the 
sound absorption coefficient of the combined construction may be altered materially 
by the use of such coverings. As noted earlier, the effectiveness of a sound absorbent 
may also be influenced by its location; some recent studies lave suggested that the 
corners of a room are regivus of maximuin effectiveness; in any ease the material 
should be so located that it is exposed to direet sound from the source. 

Lists of the commercially available sound-absorbent materials ure published by 
the National Bureau of Standards (1,6) and others. For general discussion, sound 
absorbents may be divided into four major classes: 

Class 1 includes boards or tiles made from fiber with or without a bonding agent. 
The fiber may be wood, rock wool, glass wool, bagasse, straw, etc. The bonding 
agents may be vegetable glues, starches, casein, ete., oue of the various plasties, such 
as the thermosetting resins, or an inorganie binder such as sodium silicate or mag- 
nesium oxychloride. In recent years a number of special binders have been de- 
veloped specially for use with sound-absorbent materials. Wood fiber insulating 
board, usually used in inereased thickness and decreased density, is a familiar ex- 
ample of this class of absorbent, It is also common practice to drill à number of 
holes in wood fiber boards in order to increase their sound-absorbing properties and 
paintability when they are to be used for acoustical purposes. 

Class 2 includes boards or tiles made from an aggregate and a eement or binder. 
The aggregates used may be cinders, cork, blast furnace slag, expanded miea, ete. 
It is obviously desirable that the aggregate itself be somewhat porous. The binders 
or cements are similar to those listed above, with the addition of portland coment. 
Cinder concrete or natural vegetable cork are familiar examples of this class of 
product, although like insulating board they are not normally effective absorbers in 
standard thicknesses and densities. Vegetable cork, of course, possesses its own 
natural binders. It may be manufactured in forms that have considerable sound- 
absorbing efficiency. — — 
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Class 3 includes boards or tiles made [rom a body of material in which open pore 
spaces have been formed during manufacture, Internal pores may be formed by 
foaming agents, or by including combustible material that can be burned out at a 
later stage in the manufacture. In general, this is a more difficult type of product 
to produce, since special care must be taken to insure that tle pore spaces are inter- 
communicating. Sponge rubber is a well-known example of this type of material, 
although many types of sponge rubber have little sound-absorbing efficiency be- 
'Ause the voids are not connected. 

Class 4 differs from those preceding only in method of application. This elass 
ineludes the materials that are brushed, sprayed, or troweled ou the surfivec to form a 
continuous finish. The composition may be similar to any of the preceding classes, 
if the weight is kept low enough, aud the vehicle or binder is such that it will adhere 
readily to the surface to be treated. Acoustical plaster is probably the most coni- 
mon example of this type of absorbent. Plasters huve been made with foaming 
agents and wilh porous aggregates combined with a standard cementing agent. 
Various materials have also been developed that can be sprayed or blown on lo a 
surface in combination with an adhesive. Materials in class 4 often exhibit low 
efficiency and lack of uniformity as a result of the manner of application. 

In addition to their sound-absorbing properties, acoustical building materials 
must possess the other characteristics that are associated with satisfactory building 
materials, They should be so fabrieated and installed that they are easily main- 
tained, that is, they should be washitble or paintuble, and preferably both. Bound- 
absorbing materials must conform with the local building codes and, if fire resistance 
is required, must be designed accordingly. Resistance to moisture or condensation 
is important. They must-not attract vermin. — Because inert, inorganie fibers or 
aggregates that possess the properties outlined above are readily available, these 
requirements affect principally the choice of the binder; some of the newly ele- 
veloped plastics offer considerable promise for improvement in binders. 

Since a porous surface is inherently difficult to maintain, hard to clean, and hard 
to paint, manufacturers of sound-absorbent materials have devoted considerable 
time to the devclopment of special surface treatments. Various manufacturers of 
insulating board produce a product in which deep holes or slots are drilled at regular 
intervals. Even though the surface pores between the holes or slots may be sealed 
by painting, enough sound enters the openings to realize the full sound-absorbing 
power of the board. Another common procedure is to cover the porous absorbent 
with a facing sheet which has been suitably perforated. If the wave lengths of the 
sounds are long compared to the spacing between the perforations and if the di- 
ameter of the perforations is greater than the thickness of the board, sound flows 
without difficulty across the unperforated spaces to the openings provided. Experi- 
ment has shown that 8% or less of the total surface is sufficient for the perforated 
area, Since the perforated facing sheets are not required to provide any appreciable 
sound absorption, they may be made of strong, impervious, fireproof materials. 
Steel, aluminum, and asbestos-cement boards have been widely used. 


Nonporous Sound-Absorbent Materials 


A nonporous material may under certain circumstances dissipate sound energy 
through mechanical vibration. Wood floors and wall panels have been found to 
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have more effect on the reverberation time of rooms than plaster or concrete. It is 
probable that wood constructions absorb sound primarily through mechanical 
vibration. Certain special sound absorbents have also been constructed that 
utilize vibrating panels of various materials. This method of absorbing sound is, 
however, very limited in its application because of the low efficiencies ordinarily 
obtained. The panel dissipates energy in such cases because of internal friction, 
and for this mechanism to þe effective there must be considerable velocity of motion 
and hence considerable amplitude of vibration. Since the energies available in a 
sound wave are very limited, the amplitudes produced in vibrating structures ave 
not sufficient to produce much dissipation except in the neighborhood of resonance; 
consequently, the absorbing power of such a material is likely to be limited to a 
rather narrow band of frequencies in the neighborhood of the resonant frequency. 
Jn certain radio studio constructions, plywood panels have heen used with consider- 
able success, apparently becausc they are light and are readily set into vibration, 
and because they possess a number of resonant frequencies. 

For commercial sound absorbents, it has sometimes been the practice to place a 
conventional porous absorbent behind the vibrating panel in order to increase the 
total absorbing power of the construction. At or below the resonant frequency, a 
properly designed panel may transmit nearly all the sound that it does not dissipate 
in internal friction, thereby permitting the porous backing to function almost as if it 
were directly exposed to the sound. For low frequencies, in the range from 50 to 
250 cycles per second, such constructions can be very effective. 


Materials for the Insulation of Sound and Vibration 


A second major problem in acoustic design is to keep unwanted sounds and 
vibrations from entering a given space. ‘This is a basically different problem from 
the control of sound within a room. Sound is transmitted from one space to 
another either through a connecting air space or by the vibration of the intervening 
structure, If all air connections have been eliminated by careful design, the 
problem remains of preventing one section of the strueture from transmitting the 
vibration to another. The problem is the same when the original source of disturb- 
ance is itself a vibration, such as that produced by an unbalanced machine. Various 
constructions have been devised to reduce the transmission of sounds in the form of 
building vibration, in almost all cases depending for their effectiveness on the use of 
resilient materials. A material that is to be effective for this purpose must be capa- 
ble of considerable deformation before its elastic limit is exceeded, and it should have 
very little hysteresis. Stated in other terms, the materials should be elastic over a 
wide range of deflections, should have a low modulus of elasticity, and should have 
little internal damping. Materials commonly used in sound-insulating construc- 
tions include rubber, felt, cork, and spring steel. In the ease of rubber and cork, 
the insulation must be so installed that the materials can change shape readily, 
since these materials have a rather high bulk modulus of elasticity. 

Conventional sound- and vibration-insulating constructions employ resilient 
materials as the supports or interconnections between otherwise separate elements 
of the structure. For example, a sound-insulating floor may be built up on a 
standard reinforced concrete floor by installing horizontal channels, which are sup- 
ported from the base slab at intervals by springs or felt-lined clips, and pouring a 
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secondary-finish floor slab on top of these channels. Similarly, the sound insulation 
ol a wall may be increased by attaching the plasterer's channels to the core wall by 
means of clips lined with a suitable material or made of spring steel. Vibrating 
machinery may be insulated from the supporting floor slab by mounting it on a 
platform, which is in turn supported ly resilient materials. The success or failure 
of sueh eanstruetions will depend on the relation between the frequencies to be insu- 
lated and the natural or resonant frequencies of the supported mass on. its resilient 
base. If the resonant frequencies are considerably less than the frequencies which 
must be insulated against, the construetion will operate effectively. Since the 
determination of resonant frequencies and the design of this type of construction is 
a complex problem, expert advice should be obtained wherever possible (2). 
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ACRIDINE 


Acridine (Q(or 10)-azaanthraeeue, dibenzo [0,7] pyridine), CisHyN, formula weight 
179.21, is a weak base that forms colorless flakes or rhombic crystals, turning 
yellowish ou exposure to light. It has a characteristic odor and causes sneezing and 
coughing; this property gave rise to thename. Acridine wasisolated from theanthra- 
eene fraction of coal tar in 1871 and is the parent compound of a nuniber of dyes 
(see Acridine dyes) and pharmaceuticals. The strueture of acridine may be repre- 
sented by formula L. Different systems of numbering have led to mneh confusion. 
In this article the system shown in formula IT is used; it is analogous to that for 
anthracene (q.z.); it is preferred by Chemical Abstracts and The Ring Index (4) and 
has been widely used in Germany (often with the clockwise addition of numbers 11- 
14 for the carbou atoms common to two rings). Formula III gives the numbering 
formerly used in C.A. (through Vol. 30, 1926) and still used particularly in British 
literature. In some systems the nitrogen atom is not numbered and the meso carbon 
atom (no. 9 in [ormula IT) is designated ms. 
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Physical and Chemical Properties 


Aeridine begins to sublime at 100?C.; m.p. 108?C.; b.p. 346?. It is volatile 
with steam. It is not very soluble in water but dissolves easily in alcohol, ether, 
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carbon disulfide, and hydrocarbons, and the solutions have a strong blue fluores- 
cence. Solutions of the base and its salts irritate the skin. 

By virtue of its basic properties, acridine reacts with strong mineral acids to 
form yellow crystalline salts. With alkyl! and aryl halides and alkyl sulfates, colored 
quaternary ammonium compounds (aeridinium compounds) are readily formed. 
Acridine is easily oxidized, yielding various producis according to the method of 
oxidation. With alkaline permanganate, acridinie acid (2,3-quinolinedicarbuxylic 
acid) is formed. With 1.5 to 2 equivalents of sodium dichromate in glacial acetic 

Jorg x ον 
acid, 10,10-diaeridonyl, OC N.N CO, is said to he formed, while 

ΝΟ NCE” 
with less oxidizing agent, acridone (dihydroketoacridine), m.p. 354°C., results. 
Better results are obtained in the oxidation of acridine to acridone with boiling 
“chloride of lime’ solution and cobalt nitrate. Reduction of acridme, as with 
sodium amalgam, zine dust, and hydroehlorie acid, or sodium hydrosulfite (Nas340,), 
gives almost. exclusively acvidan (9,10-dibydroaeridine). Treatment with sulfurous 
acid, neutral sulfites, and sulfur dioxide produces "addition compounds," but with 
bisulfite, 9,10-dihydro-9-aeridincsulfonie acid is ulso fomned. Treatment with ehlo- 
rine, bromine, or iodine gives addition products rather than substitution products. 
However, 8-ehloroaeridiue and higher elilorinated derivatives ure produced by re- 
action with sulfur ehloride at 130-180?C., while at higher tenrperatuves a sulfur- and 
chlorine-containing derivative is formed. Nitration of acridine gives chiefly 2- aud 
4-mononitro derivatives and à dinitro derivative. 


Preparation 


Since acridine is present in significant amount in coal tar, one important 
method of production is by extraction of coal tar, According to Grache and Caro 
(2), the coal tar portion distilling at 300-360°C. is extracted with sulfuric acid, The 
extract is precipitated with potassium dichromate, recrystallized from hot water, 
and decomposed with dilute ammonia. The free base ix converted to acridine 
hydrochloride and again liberated with ammonia. Another method of extracting 
acridine is deseriked by Wirth (6), in which high-boiling tar oils are treated with 
alkali bisulfite or sulfurous acid and then neutral sulfite in aqneous solution. Acri- 
dine obtained from coal tar is contaminated with closely related compounds and 
purification is dificult. 

There are several methods of producing acridine synthetically that yield a 
relatively pure product. The most importaut method ig the reductiou of acridone, 
which ean be prepared from N-phenylanthranilie aeid, o-CuHQNELC;H4COOH, by ring 
closure with concentrated sulfurie acid at 100°C. Acridone is reduced by distillation 
with zine dust or by treatment with sodium or sodium amalgam in the presence of 
alcohol; the latter reaction may he carried out in the presence of sodium carbonate 
and earbon dioxide at 75-85?C. (5). Dihydroaeridine is formed and may be de- 
hydrogenated to acridine by potassium dichromate in acetic acid or by sodinni 
nitrite in glacial acetic acid or hydrochloric acid. Other methods of interest for 
synthesizing acridine also involve ring closure. Thus passage of N-phenyl-o- 
toluidine, 0-CH3C,H,NHCsH,, through a red-hot tube gives acridine in high yield 
and high degree of purity. N-Benzylaniline, CsHsNHCHCsHs, when passed 
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through a red-hot tube over platinum, also forms acridine. More recently, acridine 
has been produced from the calcium salt of anthranilie acid, e-NH2CeH,COOH, by 
heating to 340°C. and distilling the product with zine dust in a stream of hydrogen 


(3). 
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ACRIDINE DYES 


Acridine dyes are busie dyes containing the acridine nucleus, generally of yellow, 
red, orange, and brown shades. They are used chiefly for dyeing leather and mor- 
danted cotton, although many dye silk ancl wool satisfactorily. They have found 
some use in the medical fiell as antiseptics and formerly were used in the photo- 
graphie field. 

As the first basie dye to be isolated, Phosphine (C.I. 793), a mixture of salts of 
chrysaniline and its homologs, played an important role in the history of the dye 
industry. It is formed as a by-product in the production of fuchsin (magenta or 
rosaniline base); the formula of the free base of ehrysaniline was determined in 1884 
to be formula I. 
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Generally, symmetrical acridine dyes are prepared by the condensation of an 
aldehyde with a diamine. Thus benzaldchyde is coudensed with m-tolylenediamine 
(2,4-toluenediamine) to form & triphenylmethaue derivative and ammonia is split 
off to give & dihydroacridine derivative, which is oxidized with ferric chloride to 
commercial Benzoflavine (C.I. 791), the monohydrochloride of the base II. 

Similarly, the condensation of benzaldehyde and m-aminodimethylaniline 
(N,N-dimethyl-m-phenylencdiamine) leads to a dye known as Acridine Orange R 
(C.I. 792), the monoliydrochloride of the base III. Benzaldehydes, such as p-nitro- 
or p-aminobeuzaldehyde, may be used, as well as various derivatives of m-phenyl- 
enediamine. Formaldehyde or formic acid may also be used as the aldehyde 
component, or example, formaldehyde and m-aminodimethylaniline form an 
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orange dye known, among other names, as Acridine Orange L (CI. 7883, the zine 
chloride compound of the monohydruchloride of base TV. This dye is being manu- 
factured at the present time by several companies; it is particularly useful for 
dyeing leather and mordanted cotton. 
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Tn order to obtain unsymmetrical acridine dyes, a diphenylamine derivative is 
used instead of the diamine. For example, chrysaniline (formula D) may be prepared 
by condensation of p-aminobenzaldehyde and m-aiminodiphenylamine (N-phenyl- 
m-phenylenedianine), followed hy oxidation (14,15). This dye is now being manu- 
factured by several companies. [ts principal use is in leather dyeing, although it 
may he used £o dye cotton, silk, and wool. 

By substituting phthalie sulivdride for the aldehyde, N-aualogs of the Rhod- 
amines nre produced. For example, phthalic anhydride condensed with N, N-di- 
ethyl-n-phenylenedinmine yields Flaveosine (C.J. 790), the monohydrocliloride of 
formula V. Flaveosine dyes silk from au acid bath and mordanted cotton. 

There arc several other general methods for preparing acridine dyes; however, 
these methods are not usually employed commercially. Aecording to one method, 
tetraalkyldiaminobenzophenone is concleused with the hydrochloride of mn-phenyl- 
enediamine in the presenee of zine chloride, with subsequent ring closure. Another 
method is the condensation of an v-aninebenzylaniline (N-benzyl-e-phenylene- 
diamine) with a w-diamine followed by ring closure and oxidation (16,17), 

Acridine dyes in which one or both of the benzene rings are replaced by naph- 
thalene rings have been called naphthacridine dyes (the parent compounds, however, 
are termed benzacridines and dibenzacridines in Chemical Abstracts and The Ring 
Index, and benzoacridines and dibenzoaecridines in Beilstein (3}). They are prepared, 
for example, by treating a m-phenylenediamine, as m-tolylenediamine, with for- 
maldehyde and then with g-naphthol (8,22). The leuco base has the formula VI. 
Naphthacridine dyes may also be prepared hy melting together s-tolylenediamine, 
B-naphthol, and sulfur (19). Other variations may be used, employing for example 
p-toluidine as the amine (18) or v-nminohenzyl alcohol with -naphthol (7). De- 
rivatives of @-naplthol may also be used. A dialkylaminophenylhlihydroxydi- 
naphthacridinedisulfonic acid has been prepared from N, N-dialkylaniline, formal- 
dehyde, and an aminonaphtholsulfonie acid (20). 
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Alkylation on the ring nitrogen atom to give acridinium compounds improves 
the solubility of acridine dyes (Brilliant Phosphine, CLI. 789). The usual alkylating 
agents may be used (9,10,13) ; however, it 1s advisable to protect free amino groups 
before alkylation. 

Some acridine derivatives have found greater use as pharmaceuticals than as 
dyes. The antimalarial quinacrine hydrochloride, U.S.P. XITI (mepaerine hydro- 
chloride, Atabrine, or Chinacrin), was used with great success duriug World War IT 
(see Malaria, chemotherapy of). lt is à. yellow erystalline powder with a less bitter 
taste than quinine; the solubility is 1 gram in about 35 ml. of water at 35°C. 
The free base (VII), 11.p. 248--250°, is synthesized by condensation of 2,4-dichloro- 
benzoie acid with p-anisidine (p-CET0CGITNTIEs) in the presenee of copper bronze at 
150°C., condensation of the chloride of the resulting diphenylaminecarboxylic acid 
with. N!, N'-diethyl-1,4-pentanedianine, and ring closure with phosphorus oxy- 
chloride (eq. 1). Acriflavine N.}. (also called Trypaflavine; 3,6-diamino-10-methyl- 


-- COCI ^ —OCH; POCh 
-+ CH, CH(NH,)(CH3) 3N(CoH;)2 ———> 
CA JNA 126°C. 


NEHCH(CHj)CCH34N (C4E;). 
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acridinium chloride, usually admixed with 3,6-diaminoacricdine) and Proflavine 
(8,6-diaminoacridine or its sulfate) are brownish-red crystalline or granular powders 
of bitter taste, used extensively as wound antisepties in World War I. There has 
been some revival of interest in the flaviues, especially proflavine, its salts, and 4,5- 
dimethyl derivatives (2). The flavines may be prepared by a series of reactions 
starting with aniline and formaldehyde. These and many other aminoacridines, in 
particular 9-aminoacridine and its derivatives, have been synthesized by various 
methods and investigated for possible value especially as amebacides and wound 
antiseptics (1,4,11,12,21). Rivanol (the lactate of 6,9-diamino-2-ethoxyacridine), 
introduced in the 1920's, has been used to some extent in the treatment of amebie 
dysentery, but not in the United States. 
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ACRIDINIC ACID, CG;H;N(COOH), See Arids, carhoxylie. 
ACRIFLAVINE. See A eridine dyes; Antiseptics. 
ACROLEIN 


Acrolein and a-substituted aeroleins have the general formula CH»: CRCHO, where 
R may be a hydrogen atom, an alkyl group, or an aryl group. Acrolein (propenal 
(1.U.C.), acrylaldehyde), CH:: CHCHO, formula weight 56.06, is a colorless liquid 
at ordinary temperatures and has an extremely powerful, acrid, and pungent odor. 


Physical and Chemical Properties 


Acrolein is soluble in water to the extent of 40%. Some of the more important 
constants of the acroleins are given in Table I. 


TABLE I. Properties of Acroleins, 





























Property Acrolein a Methylackalein ee 
B.p., ?C. 51.9 at 736 mm. 68.0 at 738 mm. 93.0 at 740 mm. 
51.526720 mm. 35.02t 78 mm. 
M.p., °C. ~87.7 -77.8 — 
dis 0.8420 0.8403 0.8446 
n 1.4007 . 1.4150 1.4240 
Water azeotrope: 
B.p., °C. 62.0 31 740 mm. 77.0 at 740 mm, 
Composition (in weight 93.5% methacrolein, 85.0% ethacrolein, 
per cent) 6.5% water 15.0% water 
Aleohol azeotrope: 
B.p., *C. 58.0 at 740 mm. 
Composition (iù weight 70% methacrolein, 
per cent) 30% aleohol 





These three acroleins severely irritate the skin and mucous membranes and are 
very toxic even in small concentrations. They are also powerful lachrymators. 

Acrolein polymerizes on standing to form a white, amorphous mass called 
disacryl, which is insoluble in water, alcohol, acids, or alkalies. By heating acrolein 
for eight days with two to four volumes of water at 100°C., a horny material or resin 
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similar to disaeryl is obtained. The resin softens at 60° and evolves acrolein at 100^. 
Small amounts of eaustie or carbonic acid in a water solution of acrolein also cause 
the formation of a white, amorphous polymerization product. Aerolein solutions 
“an be stabilized by the addition of sulfurous acid or calcium sulfite and also by the 
addition of certain phenols, such as pyrogallol or hydroquinone. Aerolein is oxidized 
slowly by air at atmospheric temperature, yielding acrylic acid. With a slurry of 
silver oxide, the reaction is rapid and quantitative. Nitric acid oxidizes acrolein to 
glycolic acid and oxalic acid, while oxidation with chromic acid produces earbon 
dioxide and formic acid. Passing acrolein and hydrogen over a nickel catalyst above 
160° yields propionaldehyde. Reduetion of aerolem in the presence of hydrogen 
over colloidal platinum also forms propionaldehyde. With aluminum amalgam as a 
catalyst, propionaldehyde and allyl alcohol are formed. Divinylglycol is obtained 
by using a eopper-zine couple with dilute seetic acid. Acrolein combines directly 
with bromine and chlorine. 

Treating acrolein in the vapor phase with an excess of ammonin yields acrolein- 
ammonia, which on distillation loses water and forms 3-metbylpyridine. This 
reaction is catalyzed by the presence of aluminum phosphate. Acrolem reacts with 
hydrazine in an ether solution to form pyrazoline, Correspondingly, reaction with 
phenylhydrazine gives 1-phenylpyrazoline. Quinaldines and 3-alkylquinolines can 
be prepared from the substituted acroleins and the primary aromatic amines (2). 
For example, 3-methylquinoline is made from a-methylacrolein and aniline. 


Methods of Preparation 


Aerolein is formed when glycerin aud a dehydrating agent are passed over 
catalytic alumina at 100°C. When glycerin is passed over a glowing platinum wire, 
acrolein, glyoxal, and formaldehyde are obtained. By using chromic oxide, plat- 
inum oxide, copper, or a silver catalyst, allyl alcohol can be dehydrogenated to 
acroleins, Acrolein can also be made by dehydrating 1 mixture of commercial 
glycerin and crystalline borie acid. The mixture is heated until all the water is re- 
moved and the gerolein is then distilled off. Another method of preparation is tho 
spraying of mercuric sulfate into a stream of propylene. An intermediate product is 
formed that spontaneously decomposes to give acrolein. This method has been 
patented in anticipation of commercial use (12). 

The patent art shows several commercial methods for the preparation of 
acroleins. Patents have becn obtained on a process whereby two different aliphatic 
aldehydes, such as formaldehyde and acetaldehyde, are brought into contact with a 
solid dehydrating catalyst maintained at a temperature of 250-325°C, and react to 
yield acrolein (7). This method is suitable for the preparation of auy of the a-alkyl- 
substituted acroleings. The reaction proceeds with the elimination of water. 


CH;CHO -- CH,0 — —— CH,:CHCHO + IMO 
acrolein 


CH;CH;CHO 4- CH4O ———— CH: C(CH)CHO + HO 
w-methylacrolein 


Formaldehyde also reacts with other aliphatic aldehydes, such as acetaldehyde, to 
give acrolein in the presence of a lead acetate catalyst át à temperature of 200-400 C. 
| (10). Acrolein can be produced by the thermal, noncatalytic pyrolysis of allyl 
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ether at a temperature of 550-600° (11). Acetylene is the starting material in 
another process, in which acetylene reacts with formaldehyde in the vapor phase, in 
the presence of a condensation catalyst such as sodium silicate or zine phosphate, 
at temperatures around 225°C. (9). A condensation for the production of acrolein 
may also be effected by passing a mixture of formaldehyde and an oxo compound in 
the vapor phase at 200-400° over a tricalcium phosphate catalyst (8). Substituted 
acroleins can be made by the catalytic dehydrogenation of the corresponding alcohol 
(4). The starting materials for making a-methylacrolein and a-ethylacrolein are 
respectively 2-mcthyl-2-propen-l-ol (methallyl aleohol) and 2-ethyl-2-propen-1-ol, 
just as allyl aleohol is the corresponding raw material for the production of acrolein. 
The reaction eau also be carried out by oxidation with air in the vapor phase em- 
ploying a silver catalyst (5). Acrolein is produced iu the United States on only a 
small scale, and most of its uses are still in the experimental stage. 


‘Uses 


Acrolein has been used as a warning or alarm agent in refrigerating systems, 
` because exposure to a concentration as minute as one part of acrolein per million 
parts of air produces detectable eye and nose irritation in two to thrce minutes, and 
causes pain that is practically intolerable in five minutes. Acrolein has found some 
use as a military lachrymator (see Gas warfare agents). It has also been used as an 
aleohol denaturant, as a dye intermediate in organic syuthesis, and as a water and 
sewage disinfectant. Acrolein has a promising use in the plastics industry, since 
several patents have been granted on condensation products using acrolein as one 
of the raw materials. For instance, transparent condensation products are produced 
by the action of thiourea on aerolein (13). An insoluble, hard, nonconducting resin- 
ous product is obtained by condensing acrolein with phenols directly in the presence 
of one per cent sodium hydroxide catalyst (8). Another patent (6) diseloses a 
method for the polymerization of a-substituted acralcins into thermoplastic molding 
materials (see also Acrylic resins and plastics: Allyl alcohol; Amino resins and 
plastics). 
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ACRYLIC AND METHACRYLIC ACIDS 


The most important members of the aerylie acid series; RCH: CRCOOH(R — Hor 
C.H )) ave: acrylic acid (propenoie acid (1.U.C.), ethylenecarboxylie acid), CH, : CH- 
COOH, formula weight 72.06; and its amethyl derivative, methacrylic acid (2- 
methylpropenoic acid (1.U.C.)), CHs: CCCH3)COOH, formula weight 86.09. Though 
acrylic acid was isolated in 1843, it was almost one hundred years before the acid and 
its derivatives assumed considerable commercial and theoretical interest because of 
their ability to polymerize readily. The polymerized esters of acrylic and methacrylic 
acids form the group of acrylic resins (¢.v.) of greatest commercial importance, For 
the nitrile of acrylic acid, see Acrylomitrile, a-Alkyl acrylic acids other than meth- 
acrylicacid are at present difficult to prepare. Beta substitution of acrylic acid to 
give, for example, erotonie acid (q.v.), CH4CH: CHCOOH, reduces the polymerization 
tendency to a minimum, so that. -alkyl nerylie acids ave of little interest from this 
standpoint. 

The chief general applications of acrylic and methacrylic acids (as polymeric 
acids und salts) are as water-soluble thickening agents, constituents of varnishes and 
lacquers, auxiliaries in printing pastes and in dyeing, binders for pastes, artificial rub- 
bers, and germicides. They also find multiple uses in the form of copolymers with 
various other polymerizable substances. 

The theoretical interest in the acids is chiefly m the amorphous structure of the 
polymer indicated by the x-ray pattern (10), which has been interpreted as showing 
a protein-like polymer structure as opposed to the generally crystalline pattern 
exhibited by polybasic acid types (see Polymers). In addition to the acids and their 
salts, acrylic acid chloride, anhydride, and amide were also investigated rather 
briefly at an early date.’ They were all shown to polymerize readily. 


Physical and Chemical Properties 


The physical properties of the two acids are listed in Table I. Both acids have 
a characteristic biting odor. They are stronger than acetic acid and very corrosive, 
and hence should be handled with proper care. The ease of their polymerization 
sometimes leads to a violent reaction. 


TABLE I. Physical Properties of Acrylic and Methacrylic Acids. 








Property Acrylic acid Methaerylie acid 

M.p., °C. 12.3? 15-16° 
B.p., °C. 141° 160.5° 

at 30 mm, 65? 81? 
di^ 1.0621 — 

1 — 1.0153 
ng’ 1.4224 1.4314 
Soluhility In water, alcohol, ether Tn water, alcohol, ether 





‘The properties of the polymers depend on the manner of polymerization, but 
in general polyacrylic acid is obtained as a hard, rather brittle, transparent, colorless 
mass, as a white powder, or as a clear aqueous solution, The solid polymer swells 
and dissolves slowly in water to give a highly viscous solution, Polymethacrylig 
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acid decomposes at 200°C. and volatilizes at 300°. Polymers of both acids are 
resistant to oxidation. 

The chemical reactions of acrylic and methacrylic acids are very similar and 
are characteristic of compounds with the two functional groupings, the double bond 
and the carboxyl group. In addition to normal neutralization reactions of the acid 
radical, reduction with sodium amalgam gives propionic acid and isobutyric acid, 
respectively. Halogens and halogen acids do not add in the way predicted by 
Markovnikov’s rule but in the opposite way, which mode of behavior is character- 
istic for unsaturation conjugated with a carbonyl group. For instance, acrylic acid 
adds hydrobromie or hydrochloric acid to give the 2-halopropionic acid; methacrylic 
acid adds hydriodic or hypochlorous acid to give 2-iodo- or 2-chloro-1-hydroxyiso- 
butyric acid. Potassium hydroxide fusion gives a mixture of acetic acid and formie 
acid from acrylic acid, and propionic acid from methacrylic acid. Acrylic acid adds 
thioacetic acid to the double bond (2) to give acetyl-G-thiolpropionie acid, CH3;COS- 
CHLCH,COOH. 


Preparation and Manufacture 


Aerylic acid was first prepared by oxidation of acrolein with air. Staudinger 
has since carried out the oxidation at 20-34^C., using vanadie acid (47). Other 
methods of preparation include: conversion of ethylene chlorohydrin to the cyano- 
hydrin followed by alkaline hydrolysis and dehydration which in turn is followed 
hy acidification (11); dehydrohalogenation of 6-chloropropionic acid, in which the 
amount of polymer formation is eut down by the introduction of air (9); dealco- 
holation of g-ethoxypropionie aeid (48); dehydrohalogenation of the reaction 
product of phosgene and ethylene (5); deesterificution of alkyl acrylates at high 
(500°C,) temperatures (7); and hydrolysis of acrylonitrile (8). Methacrylic acid 
has been prepared by the dehydrohalogenation of both œ- and. 8-bromoisobutyrie 
acids (6). 

Despite technical difficulties caused by the corrosive nature of the acid liquids 
aud fumes and the euse of polymerization of the monomeric acids, manufacturing 
processes have been evolved for the preparation of these acids. They include: the 
oxidation of acrolein by various means (36,46); the oxidation of methyl vinyl 
ketone with hypohalites (83); the hydrolysis (and previous preparation) of acrylo- 
nitrile (30); the dehydration of ethyl alcohol in the presence of carbon dioxide, and 
the combination of the latter with the ethylene formed, under increased tempera- 
ture and pressure, in the presence of an acid gas, salt, or oxide, such as sulfur dioxide 
(29); the hydrolysis of ethylene cyanohydrin (20); the dehydrohalogenation of 6- 
chloropropionic acid (88); and the catalytic hydrolysis of maleic anhydride (12). 

Methaerylie acid is manufactured by the accelerated oxidation of methacrolein 
(41), the hydrolysis of acetone eyanohydrin (18), the oxidation of methyl a-alkyl 
vinyl ketone with metal hypochloritos (42), and the dehydration of o-hydroxy- 
isobutyrie aeid with phosphorus pentoxide (40). 

Because of the ease of polymerization of these aeids, considerable effort lias 
gone into methods of purification which will decrease, if not inhibit entirely, the 
polymerization. One such scheme involves the distillation of the crude acid in the 
presence of anhydrous metal halides (of antimony, arsenic, aluminum, or bismuth) 
(40), while another claims the use of a chromium salt, such as chrominm meth- 
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acrylate, as a polymerization inhibitor (45). In another patent (18), sulfur or di- 
phenylamine is added to the reaction chamber during the manufacture of the acid 
to prevent polymer formation. 

As stated previously, there is very little use for the monomeric acids. Owing 
to their tendency to polymerize, the acids are converted into their final polymerized 
ot reacted form as soon as possible after their preparation. The monomeric acids 
polymerize on standing under the influence of light or heat and in the presence of a 
catalyst. Oxygen inhibits the photopolymerization but accelerates the thermo- 
polymerization. The polymer thus formed is insoluble in the monomeric acid and 
therefore settles out as a solid phase rather than forming a solution of increasing 
viscosity. The polymer may be formed in the presence of oxygen or organic per- 
oxides as catalysts, with or without solvent (acetone, water), and even in emulsion 
(32). The resulting polymer shows no bromine absorption, is stable to permanga- 
nate snd concentrated nitric acid, and decomposes only above 300°C. to yield, 
not monomer, but the pyrolytic products of the monomer. The polymer dissolves 
in water. High-temperature polymers dissolve readily; polymers prepared at low 
temperatures sometimes only swell. Many of the uses of the polymerized acids 
depend upon their ability to form salts, which can be prepared by neutralizing 
aqueous solutions of the polymeric acids, by polymerizing salts of the monomeric 
acids (35), or by the oxidation of acrolein in the presence of alcoholic caustie (44). 
The polymeric acids can be prepared by polymerizing the monomer in an aqueous 
medium or by hydrolyzing the polymer of acrylonitrile. The neutralized polyacids 
form solutions of much greater viscosities than those of solutions of the free acids. 


Uses and Applications 


The polymeric acids may be used as vitreous substances instead of glass (21) 
or in thinner films to replace celluloid or varnished films (22). The monomeric acid 
is a constituent of a mixture which yields a synthetic rubber after polymerization 
and vuleanization (23); an artificial rubber can be obtained by vuleanizing the 
polyacid with sulfur or selenium (39); and skidproof tires have been produced from 
the polyacid with mineral fillers and organic compounds (34) (see Rubber, synthetic). 

Copolymers of acrylic acid with its esters are used for agglomerating abrasive 
grains (28) or as a general adhesive in aqueous dispersion (26). Acrylic acid forms 
an active constituent in a polymeric mixture of vinyl compounds, the products of 
which may be used in making lacquers (13). Films of mixtures of polyacrylic acid 
and polyvinyl chloride are reported to reduee the undesirable electrical charges 
common in films of a high degree of polymerization (37). Insoluble products of 
diversified resin application are obtained by condensing polyacrylic acid with organic 
hydroxy compounds (31), treating an aqueous solution of the polyacid with chlorine 
(25), or copolymerizing the acid with dihydric alcohols, divinylbenzene, or certain 
by-products of the preparation of acrylic acid from 6-chloropropionic acid (4). 

The salts of the polymeric acids offer a wide variety of industrial applications. 
Certain metallic salts of the polyacids (silver, nickel, cobalt, germanium, lead) 
possess useful thermoplastic and film-forming properties that are applicable to coating 
and impregnating materials (19,43) (see Coatings). Fibrous materials can be water- 
proofed witb the aid of ammonium polyacrylate (16). The polymeric salts may 
be used as binders for luminous paints (27), as dispersing and emulsifying agents for 
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pastes of water-insoluble dyes (15), and as a constituent of color lakes formed from 
acid dyes (14). A typical formulation for a printing ink in which water-soluble color- 
ing matter is added to an aqueous dispersion of an amorphous polymer contains 
sodium polyacrylate (17). Water-soluble salts of polyacrylic acid are used in the 
preparation of photographic films (243. Colloidal compounds made by causing poly- 
acrylic acid or its salts to react with organic bases or salts (quinine sulfate, nicotine, 
methylene blue) ave used as germicides, constituents of varnishes, or in dye formula- 


tions (25). Water-soluble polyacrylates are also used in the creaming of rubber 
latex (8). 
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ACRYLIC RESINS AND PLASTICS 
Acrylate and methacrylate resins are the products obtained by the polymerization 
of the monomeric derivatives of acrylic acid (see Polymerization; Polymers). This 
group includes acrylic and methaerylie (a-methylacrylic) acids, their anhydrides, 
amides, nitriles, esters, halides, and salts (see Acrylic acid; Acrylonitrile). From 
a commercial point of view the esters are of greatest importance. 


Physical and Chemical Properties 
TABLE I. Properties of Acrylic and Methacrylie Esters. 
































Monomer Polymer 
Acrylic --- -— - — 
ester B.p., *C. Min. He ny Brittle temp., °C., 
Methyl 80 760 1.4040 13 
Ethyl 43 103 1.4068 —18 
n-Propyl 44 40 1.4130 
n-Butyl 35 8 1.4190 —45 
n-Hexyl 40 1.1 1.4285 — 658 
n-Octyl 57 0.05 1.4360 . —65 
n-Nonyl 16 0.2 1.4380 --60 
n-Decyl 120 5 1.4400 
n-Dodecy! 120 0.8 1.4440 -2 
n-Tetradecyl 138 0.4 1.4468 +22 
n-Hexadecyl 148 0.04 1.4470 (30?C.) 435 
Methaerylio — |. Monomer ος Polymer (molded disk) . 
eater B.p., *C. Min. Hg Softening temp, °C, Description 
Methyl 100.3 760 125 Hard, strong 
Ethyl 116.5 760 05 Tough 
n-Propyl 141-143 765 38 Tough, flexible 
Isopropyl 125 760 95 Strong 
n-Butyl 51-52 11 33 Btrong, flexible 
Isabutyl 46-47 13 70 Slightly brittle 
sec-Butyl 53-57 18 62 Slightly brittle 
tert-Amyl 67-68 20 16 Brittle 
n-Octyl 105 5 Below room temp. Gel 
n-Dodecyl 142 4 Below room temp. Viseous liquid 
Phenyl 83-84 4 120 Brittle 
Methallyl 57-59 15 — Infusible, insoluble 
Glycol di- 83 ᾽ 2 — Infusible, insoluble 





Sources: for acrylie esters, C. Ej. Rehberg and C. IL, Fisher, J. Am. Chem. Boc., 66, 1208 
(19-44); for methacrylic esters, E, I. du Pont de Nemours & Co., Ind. Eng. Chem., 28, 1160 (1036). 


In 1878, Caspary and Tollens first prepared the methyl, ethyl, and allyl esters 
of acrylic acid, and reported their polymerization to give a ‘‘clear, hard, transparent 
mass.” Kahibaum, in 1880, first established that the empirical formula of methyl 
acrylate polymer is the same as the monomer. The work of Réhm (4), beginning 
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about 1901, resulted in the commercial development of the esters. 


By the early 


1930’s, satisfactory commercial syntheses (3,5,6) of the monomers and polymers were 


TABLE II. Properties of Methyl Methacrylate Resin. 


Property 


Mechanical constants 
Specific gravity (25°C.) 
Tensile strength, p.s.i. 
Elongation, per cent at break 
Hardness, Mohs 
Brinell (500 kg., 10-mm. ball) 
Rockwell 
Flexural strength, p.s.i. 
Compressive strength, p.s.i. 
Impact resistance, ft.-lb. (A.S.F.M. Charpy unnotehed 
ar 
Modulus of elasticity, p.s.i. 
Coefficient of expansion per °C, 
Water absorption (per cent weight gain 24 hr.) 
Specific heat, cal. /°C./gram 


Optical constants 
Light transmission (À.S.T. M. D672-4£1), per cent 
Haze (A.S.T. M. D672-44T), per cent 
Refractive index, ni} 
Transmissible wave lengths, A. 


Hlectrical constants 

Dielectric constant, 60 cyeles 
1,000 cycles 
1,000,000 cycles 

Dielectric strength, 60 cycles 
Short-time test, v./mil 
One-minute stepwise test 

Power factor (A.S.T.M. D150-360T method), per cent 
60 cycles 
1,000 cycles 
1,000,000 cyeles 

Volume resistance, ohms/cu.em. 


Chemical constants 


Immersion in various aqueous solutions, per cent weight 
gain, 192 hr. at 25°C, 
30% sulfuric acid 
3% sulfuric acid 
10% hydrochloric acid 
10% sodium hydroxide 
10% nitric acid 
10% sodium chloride 
10% ammonium hydroxide 
3% hydrogen peroxide 
100% oleic acid 
100% distilled water 
100% gasoline 
95% ethyl alcohol 
5095 ethyl aleohol 
Acetone, ethyl acetate, ethylene dichloride, carbon tetra- 
chloride, toluene 


Source: Plasties Catulog, Plastics Catalogue Corp., N.Y., 1944, pp. 173-75. 
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developed almost simultaneously in America and in Great Britain, The production 
of acrylic resins rose rapidly from about 3,000,000 lb. in 1940 and 37,000,000 Ib. in 


1943 to more than 50,000,000 Ib. in 1944 (1). 
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Manufacture 
MONOMERS 
Methyl and ethyl acrylate and methyl, ethyl, and butyl methacrylate mono- 
mers are manufactured in large tonnages. Other acrylic esters are made in semi- 
plant or laboratory amounts. The reactions involved in the synthesis of the esters 
are exemplified by the following steps in the synthesis of methyl acrylate and 
methyl methacrylate: 


CILOB.CHC] + NaCN ———+ CHLOH.CH.CN -- NaCl (1) 
ethylene chlorohydrin ethylene eyanohydrin 
CILOH.CHCN + CHOH -F ILS0, ———o GCEHCHCOOCH:; -- NILHSO, (2) 
ethylene eyanohydrin | methanol methyl acrylate 
(ΟΠΠ (Ὁ + ICN ——+> (CH,).C(OH)CN (3) 
acetone acetone ¢yuanohydrin 





(CH3&C(OH)CN + CHOH + M50, > CHC (CH) COOCH, + NILHSO, (4) 
acetone eyanohydrin methanol methyl methacrylate 


Ethylene cyanohydrin (reaction 1) is also manufactured by the direct addition of 
hydrocyanie acid to ethylene oxide. Higher acrylates and methacrylates are usually 
made in a similar manner by substituting the appropriate alcohol for methanol; 
they may also be prepared by ester interchange (transesterification) of the lower 
ester with (6) a higher alcohol and removal of the low-boiling alcohol by azeotropie 
distillation. Higher esters of a-hydroxyisabutyric acid are easily and economically 
prepared from acetone cyanohydrin; for this reason they are convenient starting 
materials for the manufacture of higher methacrylate esters. Other dehydrating 
agents than sulfuric acid (reactious 2 and 4) include thionyl chloride (SOCL), 
phosphorus trichloride, phosphorus oxychloride, and phosphorus pentoxide. 


POLYMERIZATION 


The principal uses of acrylic and methacrylic ester monomers are in the prepara- 
tion of their polymers. They polymerize readily under the influence of heat, light, 
and oxygen or oxygen-yielding substances such as acetyl or benzoyl peroxide, 
hydrogen peroxide, tert-butyl hydroperoxide, tert-butyl perbenzoate, ammonium or 
potassium persulfate. 

The polymerization may be carried out (/) en masse (castings), (2) in suspen- 
sion (molding powders), (8) in emulsion, and (4) in solution. (See also Plastics.) 
The choice of catalysts depends upon the monomer and on the type of polymeriza- 
tion. 


1. Castings such us sheets or blocks are usually made by pouring catalyst-containing monomer 
into suitable molds and heating until the material has set to a hard, clear, transparent mass. Cast 
methyl methacrylate sheets are manufactured in a number of standard sizes up to 48 X 84 in. and in 
thicknesses ranging frum 0.060 to 2.500 in. The sheets and blocks may be machined with either 
woodworking or metal-working equipment. Parts may be bonded with suitable cements, giving 
joints that are transparent and strong. Sinve polymethyl methacrylate, as well as the other acrylic 
polymers, is thermoplastic, it may be formed by heating the sheet, to 220-300 *F. and bending to the 
required shape, Shapes may also be formed by drawing the hot sheets over a three-dimensional form. 
They may also he formed by clamping the hot sheets over a suitable opening and applying a, vacuum. 

2. Molding powders are manufactured either by grinding the east blocks to the proper size or 
polymerizing the monomer in aqueous suspension, ‘The polymers produced by the latter method are 
tiny, clear, free-flowing beads which lend themselves readily for use in high-pressure molding presses. 
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The molding powders, either beads or granules, become plastic at temperature of 250-400^F. and, 
with pressures of 5,000 to 25,000 p.s.i., can be foreed into the shape of the mold cavity. In injection 
molding the whole cycle is usually a matter of seconds. Compression-molding cycles tend to be 
somewhat longer. By the use of multiple eavity molds several parts may be produced simultane- 
ously. Molds are usually highly polished and parts come out of the mold ready for use without fur- 
ther finishing. Color may he introduced into aerylic articles either by the introduction of suitable 
dyes into the monomer or by dyeing the finished product. A wide variety of colors are available from 
delicate pastel tints to deep shades. 

3. Emulsions are usually manufactured by polymerization in aqueous medium with a suitable 
emulsifying agent. After polymerization, the polymer emulsions are stable dispersions, The 
polymers may be precipitated by the addition of various coagulating agents. 

4, Solution polymers are readily prepared by carrying out the polymerization in a solvent in 
which both the monomer and polymer are soluble. Typical solvents include aromatic hydrocarbons, 
chlorinated hydrocarbons, esters, ethers, ketones, and nitroparaflins. 


Industrial Uses 


Cast and molded acrylic parts, because of their clarity, brilliance, strength, light 
weight (about half that of plate glass), and ease of forming, are useful in a great 
variety of applications. Wartime uses included homber noses, gun turrets, cockpit 
canopies, and many molded parts. Marine designers use them for spray shields, 
running lights, and port lights. Bus and railroad equipment include signs, parti- 
tions, and lighting shields. Automotive applications include radiator ornaments, 
instrument panel parts, interior trim, trade-marks, escuicheons ov othor designs, 
lenses, reflectors, and edge-lighted dials. 

Edge lighting or “light piping” is a special property of acrylics and finds wide 
application in decorative items as well as such medical instruments as retractors and 
throat lights. Because of their chemical compatibility with human. tissue, acrylic 
resins are used for bone splints, socket cups for joints, dentures, artificial eyes, and 
other prosthetic parts. Other applications include industrial inspection windows, 
safety shields, and valves and pump parts used in handling chemicals. Transparent 
models of complicated mechanisms are also invaluable as teaching aids or for sales 
demonstrations. 

Emulsions are widely applied as textile and leather finishes, hase coats on 
rubberized surfaces, and in many processes in which the use of a solvent might be 
hazardous, costly, or impractical. 

The solution polymers in volatile solvents find use us special adhesives. Upon 
evaporation of the solvent, transparent, strong, and flexible films are formed, which 
transmit more than 90% of visible light and high percentages of infrared and ultra- 
violet. They are resistant to chemicals and have good electrical properties, and so 
in addition to their uses as adhesives are also used as coatings. Typical uses include: 
heat- and fume-resistant cnamels; luminescent paints; clear protective coatings 
for polished metals; finishes for cloth, paper, and rubber; antifouling paints; and 
electrical insulating coatings. See Adhesives; Coatings, 

Certain acrylic polymers are exceptionally effective in improving the viscosity 
index of lubricating oils (see Lubrication), The term “viscosity index” is a measure 
of change of viscosity with change of temperature, and the addition of the polymer 
to the oil reduces thinning at high temperatures and so greatly reduces oil con- 
sumption. Acrylic polymers in an oil solvent that depress the A.S, T. M. pour point 
of waxy oils as much as 50-60? F. are effective pour-point depressants. 
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Methyl methacrylate sheet. and molding powder is known as Lucite (Du Pont), Perspex (Imperial 
Chemical Industries), or Plexiglas (Rohm & Haas Co.), Other trade names include: | Aeryloid— 
acrylic resin solutions for coatings (Resinous Products); Acrysol—acrylic resin emulsions for coatings 
(Resinous Products); Lucitone—nerylie resins for dentures (Du Pont); Plexigum—aerylie resins for 
Jaminated glass (Rohm & Hans ο}; απ Primal—aerylie resins for leather finishes (Rohm & Haas 
Co.). 
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ACRYLONITRILE 


Acrylonitrile (vinyl cyanide), CE: CHCN, formula weight 53.08, the nitrile of acrylic 
acid (see also Nitriles), is a colorless liquid with à mild odor, which is reminiscent to 
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Fig. 1. Vapor pressure of acrylonitrile. Fig. 2. Solubility of water in acrylonitrile. 


some of phosphorus and to others of pyridine in dilute concentration. Tt wag first 
prepared by Moureu in 1893 (1). He made it from ethylenc cyanohydrin, and also 
from acrylamide, in each case by removal of the elements of water through re- 
action with phosphorus pentoxide: 


CH:(OH)CH:CN (or CH»:CHCONH:) —-—+> CH,:CHCN + HQ 
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Acrylonitrile remained a laboratory curiosity until sometime between 1927 and 
1940 when the Germans began to use its copolymers with butadiene for oil-resistant 
synthetie rubber, Buna-N. Its commercial manufacture in this country began in 
1940 and expanded rapidly to meet war needs, particularly in linings for self- 
sealing gas tanks. Acrylonitrile rubber was the only synthetic which met the 
full requirements for strength, clasticity, and resistance to high-octane fuel, Punc- 
tures in the tanks of airplanes by bullets of half-inch caliber or more could seal 
almost instantaneously and so completely as to hold the fuel without loss of pres- 
sure. Polymeric acrylonitrile products are finding other uses such as making arti- 
ficial fibers. Monomerie 
acrylonitrile is a ehemical in- 
termediate and an insecticide. 
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change of b.p., 0.043?C. per 
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pressure; vapor pressure, see TEMPERATURE, °C. 
Figure 1; azeotropic mixture Fig. 3. Solubility of acrylonitrile in water. 
with water, b.p., 70.5-70.7°C. 
(760 mm.), contains about 12.595 by weight of water; d., 0.8004 gram per ml, at 25°C. 
and 0.8060 at 20°C.; d. — 0.8281 — 0.001106: (0-309C.); n2, 1.3884; n2, 1.8911; 
latent heat of evaporation, 7800 cal. per gram-mole at 0-80?C. (cnled.); heat of com- 
bustion, 420.5 kg.-cal. per mole or 7925 cal. per gram; sp.heat, 0.50 - 0.03 cal, per 
gram; flash and fire point, 0° + 2.5°C.; explosive mixtures with air, acrylonitrile 
3.05% by vol. (lower limit), 17.0 = 0.5% by vol. (upper limit); mutual solubilities 
with water (see Figs. 2 and 3 and accompanying table); soluble in all proportions in 
acetone, benzene, carbon tetrachloride, ether, ethyl alcohol, cthyl acetate, ethylene 
eyanohydrin, methanol, petroleum ether, toluene, xylene, and some kerosenes. 
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For chemical reactions, see section IV. 


Manufacture 


The published information on the manufacture of acrylonitrile in this country 
is incomplete. German practice is described in some recent P.B. reports (Scientific 
and Industrial Reports distributed by the Office of Technical Services, U.S. Depart- 
ment of Commerce). 

FROM ETHYLENE OYANOHYDRIN 

Ethylene cyanghydrin (see also Cyanghydrins), now a commodity, has been the 

preferred raw material for acrylonitrile manufacture both in this country and in 


156 ACRYLONITRILE 


Germany (24). In pure form, it is a liquid which boils at 227-228°C., with slow 
decomposition into acrylonitrile anc water. This decomposition can be greatly 
accelerated catalytically (27). In practice the dehydration can be carried out in 
the liquid phage, or in the vapor phase by passage over catalysis such as activated 
alumina. The crude product is largely a mixture of acrylonitrile and water and 
contains no impurities boiling near acrylonitrile, It ean be refined by suitable Irac- 
tionation operations to give substantially dry aerylonitrile of high purity, which is 
stable m storage and ean be used direetly in polymerizations for synthetie rubbers. 


FROM ACETYLENE AND HYDROCYANIC ACID 
The reaction between acetylene (y.2.) and hydrogen cyanide (see Cyanides) pro- 
ceeds only in the presence of a catalyst: 


C,H, + HCN ^ CH: CHON 





1. Liquid-Phase Catalysis. A plant producing 70-90 metric tons of acrylo- 
nitrile per month by this method was operated at Leverkusen, Germany (9). The 
aqueous catalyst solution contained cuprous chloride equivalent. to dissolved copper 
equal to about 2695 by weight. To dissolve the cuprous chloride, the solution 
also contained ammonium chloride, in approximate equivalence to euprous chloride. 
It was brought to pH i with hydrochloric acid. The catalyst could be used for 600 
hours, and produced about 20 lb. of acrylonitrile per pound of dissolved copper. It was 
then regenerated by precipitating the copper with zine and reconverting to cuprous 
chloride. The aectylene was generated from calcium carbide and purified. The puri- 
fied gas was practically free from phosphine (PH) and hydrogen sulfide, The hydro- 
eyanic acid was prepared from sodium cyanide solution and sulfuric acid. 

The catalytic converter was an upright, cylindrical, rubber-lined tank ap- 
proximately 1.8 m. in diameter and 8m. high. It was kept two-thirds full of the 
catalyst solution at a temperature above 70°C. Acetylene and hydrocyanic acid, 
in the molecular ratio of 10:1, were fed to the converter. The acetylene eutered 
at three places in the bottom and was distributed by bells or jets. The hydrocyanic 
acid entered at both the middle and bottom. The excess acetylene, acrylonitrile, 
and by-products containing 1-395 hydrocyanie aeid came off at the top of the con- 
verter. They were washed countercurrently with water to remove acrylonitrile and 
hydrocyanie acid, and then returned to the system. The water solution containing 
1.5% acrylonitrile was treated with direct steam in a column, ancl crude 80% 
acrylonitrile was taken overhead. The crude acrylonitrile contained some hydro- 
cyanic acid and a large number of by-produets, including aeetaldehyde, vinyl- 
acetylene, divinylacetylene, vinyl chloride, cyanobutadiene, lactonitrile, and chloro- 
prene. Ib was fractionated in a system of three columns, The refined acrylonitrile was 
99% pure. The yield was about 80%, heing somewhat higher on the hydrocyanic acid 
than on the acetylene. This aerylonitrile was used directly at; Leverkusen for making 
synthetic rubber and was supplemented by acrylonitrile made from ethylene cyano- 
hydrin and shipped in from Ludwigshafen. 

2. Vapor-Phase Catalysis. Acrylonitrile can be produced in rather low 
yields by passing a mixture of equal volumes of acetylene and hydrocyanie acid over 
metallic compounds, particularly cyanides, on carriers at 400-500°C. (28). Better 
yields are said to be obtained if the reactants are diluted with other gases or with 
steam (29,31). 
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OTHER METHODS 


Among the numerous other methods which have been deseribed for making 
acrylonitrile, two are of special interest from a chemical viewpoint. 

1. From Lactonitrile. Lactonitrile, an o-hydroxy nitrile, is isomeric with 
ethylene cyanohydrin, the 8-hydroxy nitrile. In contrast with the latter, it tends to 
decompose, not into acrylonitrile and water, but into acetaldehyde and hydrocyanic 
acid: 

CH;CH(OIDCN ——— CH,CHO + HCN 

The probem of utilizing lactonitrile for the preparation of acrylonitrile by 
pyrolysis has been solved in a clever way by first esterifying the hydroxyl group 
with an organic acid which is volatile at the temperature of the pyrolysis. Thus a- 
cyanoethyl acetate, prepared from lactonitrile and aretie anhydride, decomposes 
when passed through even an unpacked tube at about 540-580°C. giving very high 
yields of acrylonitrile (7,30): 

CH,CI(CH,CO.)CN ———- CHa:CHCN + CH,CO.IT 

2. From Allylamine: 

CHa:-CHCH:NH,. + O. ——— CH::CHCN 1 25.0 


This reaction is effected by passing the reactants over a silver metal catalyst at 
about 500°C. Preferably, the feed contains oxygen in slight excess over molecular 
equivalence to the amine, and is highly diluted with steam or inert gases. In one 
of the tests the amine in the reaction products was only 2% of that in the feed and 
the yield of acrylonitrile, on the amine which had been converted, was 88.8% (82). 


Storage and Handling (14) 


Commercial ucrylonitrile is a high-grade chemical. The specifications that 
have been prepared for it relate mainly to the tolerances for traces of impurities 
which might interfere with its use for synthetic rubber, namely, acidic materials, 
aldehydes, hydrocyanic avid, and nonvolatile matter. Its low freezing point and 
moderately high boiling point are advantageous for its storage and. transportation. 
Tt is shipped in steel drums and tank cars. ‘The toxicity of acrylonitrile has been 
investigated in some detail, particularly with relation to possible dangers to workmen 
from contact with the liquid or exposure to its fumes durmg polymerization opera- 
tions. An upper limit of 20 p.p.m. in air was tentatively recommended (11,12). 
More recent investigations and experience indicate that perhaps this is too rigid. An 
upper limit of even 200 p.p.m. has been suggested (20). Νο serious ease of poisoning 
from acrylonitrile has yet been reported. 


Industrial Uses 
SYNTHETIC RUBBERS (OR ELASTOMERS) 


Acrylonitrile is polymerized in a water emulsion in the presence of a peroxide 
catalyst. For synthetic rubber, it is usually copolymerized with butadiene. Ger- 
man Perbunan contained 26%, based on nitrogen analysis (15), and Perbunan Extra 
36% (16). Acrylonitrile rubbers in this country are Hycar OR, Perbunan, Chemi- 
gum, and Butaprene (see Rubber, synthetic). The capacity of the German Buna-N 
plant at Leverkusen is variously estimated to have been 300 (22) and 800 tons per 
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month (21). Tho statistics given in Table I show the great expansion of the manu- 
facture of acrylonitrile clastomers in this country. Starting from scratch in 1940, 
the production in 1944 was over five times that in Germany. 


TABLE I. Annual Production of Acrylonitrile Elastomers (Long Tons). 


Year 











Germany 
1937 400 
1939 None 1110 
1943 9734 2770 
1943 14487 3600 


1044 16812 3070 


Sources: for United States (8); for Germany (15). 





Oil-resistant. produets made from acrylonitrile elastomers include linings for 
gasoline tanks, gasoline hose, engine mountings, and other parts in automobiles and 
airplanes, printing rolls, gaskets, gloves, aprons, antl shoe heels and soles, Rubber 
tubing and stoppers made from this material are a Doon to the laboratory worker. 

There appears to be a great potential use for acrylonitrile polymers in synthetic 
fibers for fabrics (25). The strength of such fibers is greatly increased by stretching 
them while in the plastic state through heating (26) (13,17,18,19,23). 


CHEMICAL INTERMEDIATE 


Considerable interest has developed, particularly since 1940, in the preparation 
of produets from acrylonitrile. There are two points of great chemical activity in 
the acrylonitrile molecule, which, either separately or together, can easily lead to 
reaction with other substances. They are the C=C linkage and the CN radical. 
The CN radical in acrylonitrile shows ail the well-known reactions for that group 
in organic compounds; thus, it can be hydrolyzed in stages first to amide and then 
to carboxyl, and it can be reduced to amine. At the C—C linkage, acrylonitrile 
can he reduced to give propionitrile. It unites with bromine to form @,@-dibromo- 
propionitrile and with excess chlorine to give mainly a,«,8-triehloropropionitrile. 
It reduces permanganate solution. Moreover, the ethylenie linkage in acrylonitrile 
will enter into many addition reactions not shown by a simple olefinie bond, because 
of its conjugated relationship with the unsaturated CN radical. As a result of this 
additive tendency, acrylonitrile is a very effective agent for introducing the cyano- 
ethyl group into compounds containing active hydrogen atoms. Thus it unites 
with ammonia and with primary and secondary amines to form 6-cyanoethylamines. 
With alcohols, 8-cyanoethyl ethers are formed. | Some other substances which have 
been cyanoethylated with acrylonitrile are phenols, indene, anthrone, cyclopenta- 
diene, acetone, malonic esters, oximes, cellulose, carbohydrates, fluorene, nitro- 


paraffins, aldehydes, ketones, benzyl cyanide, allyl cyanide, chloroform, and bromo- 
form (2-6). 
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ACTINIUM. See Radioactive metals. 

ACTINODOPHNINE, C4E;NO,. See Alkaloids. — — 

ACTINOLITE, Ca.(Mg,Fe) Sis0e(OH)s. See Silica and silicates. 
ACTINOMYCETIN; ACTINOMYCIN. See Antibiotics. 

ACTINON; ACTINOURANIUM. See Radioactive metals. 

ACTIVATED CARBON; ACTIVATED CHARCOAL. See Carbon, activated. 
ACTIVATED ERGOSTEROL. See “Vitamin Dy” under Vitamins. 
ACTIVITY. See Thermodynamics, chemical. 


ACYCLIC COMPOUNDS 


Open-chain compounds, as the aliphatic compounds (¢.v.), are also called acyclic 
compounds, in distinction from cyclic compounds containing one or more ring 
systems. 


ACYLAMINOANTHRAQUINONES. See Anthraquinone dyes. 
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ACYLATION 


Acylation is the process of introducing acyl radicals, such as RCO— from carboxylic 
acids, into organic compounds, almost always in place of hydrogen atoms. In 
addition to RCO—, acyl radicals include RSO2— from sulfonie acids and radicals 
formed by removal of —OH from other organic oxygen ucids. Specifie acyl radicals 
and acylations take their names from the acids to which they are related (sec Acids, 
carboxylic; Sulfonic acids) : thus HCO—, formy}, is the radical of HCOOH, formic 
acid, and the process is called formylation. The most usual acylations are acetyl- 
ations, henzoylations, and benzene(or toluene)sulfonylatious. 

The hydrogen replaced in acylation is usually that of an alcohol, a phenol, 
ammonia, an amine, or even an aromatic nucleus: 





acylatic . . 
ποπ 79775 R'COOR or R/80,0H 
aleohol or phenol ester 


(see also “sters” under Cellulose derivatives; Esterification), 


ueylution 


NH; ———  RCONILh ο ΠΟΙΝΗ. 


tunide sulfonumide 

lati Ν aln 
GH; SAA RCOC.H, or RSO.CiH, 
ketone sulfone 


(see Friedel-Crafts reaction). Technically the process serves either to prepare au 
ester, amide, or ketone, desired as an end product, or to block reaction of a sensitive 
hydroxyl or amino group during some other reaction, especially oxidation. 

The cheapest acylating agents are the acids themselves, but when reaction is 
difficult the acid halides (¢.v.) or acid anhydrides (q.v.) are preferred. Acylations in 
general are catalyzed by both acids and bases. When water-insoluble acid ehlorides 
such as benzoyl chloride or benzenesulfowyl chloride are used as aeylating agents in 
aqueous suspension, the addition of excess sodium hydroxide to neutralize the acid 
produced is advantageous (Schotten-Baumann and Hinsberg-Fischer methods). 
Tn the analytical laboratory acylations are very useful in identifying and determining 
aleohols and primary nnd secondary amines. 

ο. C. DzaMER AND E. EF. LANDAU 


ACYLECGONINES. Sce Alkaloids. 
ACYLOINS 


Acyloins are a-hydroxy ketones (keto alcohols or ketols) having the general 
formula RCH(OH)COR. The best known is benzoin, CJI;CH(OH)COC4H;,. 
See Benzaldehyde; Ketones. 


ADDITION COMPOUNDS 


It is the practice in chemistry to use the term “addition compounds” to describe 
relatively unstable compounds that seemed to the carly chemists to involve combina- 
tions between molecules whose “valence forces” were already apparently completely 
satisfied; thus hydrated copper sulfate (CuSO,.5H50) was long called an addition 
compound. We now know that the water molecules are an integral part of the crystal 
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lattice of the substance. In other cases where much less information is available 
about the character of the bonding, this naming practice is still continued. Other 
illustrations that might be cited of substances that have been called addition com- 
pounds are CaCh6NH;, Cu8SO,4NH;, 2KCLPtCh, 28bCl;.PCls, (C2Hs)20.BFs, 
CeHsN(CHa)2.80;3, RCIHO.NAHSO;, and 2C; HgN4Os. C3HG(NTISs.2H50. (Eheophylline- 
ethylenediamine). l 


ADENINE, C;H;N5.3H20. Sec Alkaloids. 
ADERMINE; ADERMIN, GHuNO; Sce “Vitamin Be”? under Vitamins. 


ADHESIVES 


See also Calking compositions; Cement structurul; Glue; Qums and muciluges; Lami- 
nation; Packaging. 

In the broadest sense, an adhesive is a material which ean bond two other 
materials together by adhering strongly to the surfaces of both. An added require- 
ment is that the adhesive bond formed be internally strong, as otherwise the bonding 
will be ineffective, Adhesives are usually applied in the form of solutions, emul- 
sions, or soft gels, but may be employed as thin layers of solids which become fluid 
upon the application of heat. In most cases the formation of an effective adhesive 
bond depends upon conversion of the adhesive layer itself to a semisolid jelly or hard 
film, which must, of course, have both good cohesive strength and firm attachment 
to the materials being bouded together (5). 


The terminology of materials used for adhering is at present confused and often overlapping. 
Au adhesive is a material employed between surfaces to make them stick together or cling. Con- 
cerning the different classes of adhesives, which may be known to the trade under such names as 
cements, glues, pastes, plastic bonds, muciluges, and the like, there is little agreement in usage for 
various compositions or functions, Cement was originally used to denote the ground or ealcined 
stone used for mortar, and is derived from caimentum (Latin—chippings from rough stone). The term 
has more recently been appropriated to describe adhesive cements, or more particularly resin cements, 
rubber cements, dental cements, and the like. In this recent sense, the word cement refers in general 
to solutions of adhesives in a base or carrier, Tnferentially it is expected that a cement sets up or under- 
goes chemical change in application, but usage in this sense is not consistent. Glue referred at one 
time to protein extracts of high molecular weight from hides, bones, or fish. The use over a long 
period of time of protein glues as woodworking and furniture adhesives and later as plywood adhesives 
has tended to establish the term glue for all adhesives used by these industries. Thus phenolic, urea, 
and casein glucs are terms frequently heard. These same three “glues” and many others are often 
classified as plastics; therefore, the resulting adhesive products are frequently cnlled plastic bands or 
bonding materials. Bond is simply a variety of an old high German word "bant" (which meant a 
band or fastened together) and has come to refer in adhesive terminology to the act of adhering, to 
the material which does the adhering, and to the final result. Muciluges are vegetable adhesives, 
this term often being applied to water-soluble vegetable exudations or gums. The word paste is 
derived from paste, the Greek word for barley broth or flour dough. Today the term is often used for 
starch or dextrin adhesives applied to stamps, labels, or paper praducts, The term can also refer to 
adhesives having the consistency usually associated with doughs or heavity filled liquids. 

The terms used to describe the act of adhering are frequently equally vague, such verbs as adhere, 
cement, glue, paste, bond, or stick often being used interchangenbly, Stickiness is a characteristic of 
some materials that have wetting properties in combination with sufficiently high viscosity or con- 
sistency to offer appreciable resistance to deformation. ‘Yack has been used more consistently in this 
sense and has been discussed to some extent in the literature (8,9); tack or tackiness will be treated 
here as the property of matter that enables surfaces to merge on contact or with pressure, and to 


133 ADHESIVES 


resist separation thereafter. A turkifier ig & material that has a tendency to impart tackiness ta 
compositions in which it is present. 


Adhesives of the type of the water-soluble glues have been used for a very 
long time. Solutions of rubber, nitrocellulose (cellulose nitrate), ete., in organic 
solvents are of much more recent origin, but can no longer be considered new. 
There are, however, recent developments in resins, rubber, and cellulose-derivative 
and other adhesives which have already led to a marked expansion in the use of 
adhesives in industry and which may ultimately result in a greatly increased de- 
pendence on adhesives in manufacturing and packaging operations. For example, 
heat-sealing adhesives, applied in thin layers on paper, cellophane, etc., have made 
rapid strides in the packaging field. Certain of the chemically reactive adhesives, 
which are the newest of all, are promising to replace soldering, welding, riveting, 
etc., in the fabrication of many products. Finally, the pressure-sensitive adhesives 
of the type used on tapes—unknown to industry in 1925—are now being used to 
expedite many manufacturing operations. 


Tor the manufacture of the various materials uscd as adhesives, sce the separate articles, 
either under the name of the material itself or a classification which includes it; for example, for 
cellulose derivadives, sue Cellulose derivaiines: for synthetie rubber, sea Rubber, synthetic; for urea 
resins, see Admino resins and plasties; for methyl methacrylate, see Acrylic resins and plastics. 


Many of the advances n adhesive technology are so recent that data regarding 
the consumption of the newer adhesives in the United States are meager indeed. 
Thus no definite information is available with respect to the quantities of synthetic 
rubber or even of natural rubber used in adhesives. The same is true of many of 
the synthetic resins. In midsummer of 1945, when the usage of reclaimed rubber 
was prohably near its peak, estimates available at the offices of the War Production 
Board indicated that reclaim was being consumed in pressure-sensitive adhesives at 
the rate of about 18,000,000 1b. per year. This figure does not include any reclaim 
used in adhesives of other types. According to the U.S. Tariff Commission, the 
production of phenolie resin for adhesives was 14,286,000 lb. m 1945, whereas the 
corresponding figure for urea resins was 30,414,000 lb. In the Tariff Commission's 
preliminary report for 1944, the figures for synthetic plastics materials used for 
adhesives were 26,241,000 lb. of cyclic and 56,134,000 lb. of acyclic materials. The 
Tariff Commission also reported the average annual production of animal glues to be 
about 103,000,000 lb. in the 1922-29 period and about 105,000,000 ib. in 1937-38. 
The corresponding data for nonanimal glues are not available for the period 1922-29, 
but production averaged 125,000,000 lb. in 1927-29, and 209,000,000 Ib. in 1937-39. 


Factors Affecting Adhesion 


Practical observations, together with the fundamental studies of McBain (11), 
Bartell (2), and others (3,4), indicate that effective adhesive action depends on the 
following factors: (a) affinity of the adhesive for the material to be bonded; 
(b) the tendency of the adhesive to wet the surface of the material to be bonded; 
(c) the tendency of the adhesive to penetrate the surface of the material to be bonded; 
(d) the strength and continuity of the adhesive material in itself; and (e) the thick- 
ness and flexibility of the adhesive layer. Although the influence of most of these 
factors js self-evident, brief comments regarding certain of them wil be offered 
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before a more detailed discussion of the theory of adhesion is presented. Thus, in 
the case of adhesives containing ingredients having reactive groups, the affinity of 
the adhesive for the material to be bonded may be very important. In fact, chemi- 
cal reactions leading to a very strong bond may result, Adhesives having a good 
internal strength and continuity of their own are usually desired, with the most 
favored being those having strength at least equal to that of the materials to be 
bonded. As for thickness and flexibility, it should be pointed out that the older 
types of glues, which are rigid when dry, are more effective in the form of very thin 
films. On the other hand, the newer elastomeric adhesives ean be applied in rather 
thick layers and are often most effective when so applied. 

Adhesion is believed to result from the same forces between molecules that are 
responsible for the physical properties of solid matter (tensile and flexural strength, 
modulus of elasticity, ete.). "Ihe problem of using an adhesive is the problem of 
fully utilizing these forces at an interface. Since, in the use of adhesives, we deal 
exclusively with the bonding of solids or supercooled liquids manifesting solid 
properties, it is necessary to inquire into the means of bringing these forces into play 
between solids. The two obvious conditions necessary for the successful functioning 
of an adhesive are (A) contact in molecular dimensions, and (B) a lower adhesive- 
solid interfacial boundary energy than the sum of the surface energies of adhesive 
and solid. These two necessary conditions are discussed below. 


CONTACT 


As regards the first factor, physical contact of adhesive and bonded material 
in molecular dimensions, it is apparent that the requisite for proper contact is flow 
of the adhesive. The intimate contact necessary can he induced by flow in various 
ways; it is thus permissible to speak of solvent-responsive, heat-responsive, or pres- 
sure-responsive adhesives. By this terminology we mean that fluidity is accom- 
plished by means of solvent, heat, or pressure. The rheology (q.v.) of an adhesive, of 
adhesive solutions, or of molten and plasticized compasitions is the factor of most 
importance with respect to manifestation of the necessary flow. There are some 
rather unusual phenomena whiel: can be explained by this concept of flow leading to 
intimate molecular contact. For example, in the [reezing together of glasses and 
glasslike solids, it can be assumed that with such materials flow takes place over 
extended periods of time. Again, flow induced by the heat of friction can sometimes 
seal alloys or metals together. On the other hand, polished, solid surfaces with 
which flow cannot take place will not adhere to one another, unless the surfaces 
become covered with an adsorbed layer of a material capable of flow. 


BOUNDARY ENERGY 


It is in the field of boundary energy of the interface that quantitative data are 
most lacking, since interfacial free surface energies of solids are not measurable by 
means now known (see Surface). But we can learn something from the known 
values for solid-liquid interfacial energies by making deductions regarding a 
solid from the known data pertaining to a liquid homolog of the solid. Some of 
the conjectures which have been made are borne out by experience. Compatible 
materials tend to be soluble in one another, and tend to give the highest adhesions 
of one to the other, We should expect such materials to have very low inter- 
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facial surface energies. When the solvent for an adhesive is a solvent for the 
material being bonded, the interface can disappear altogether. [n such cases, the 
solvent “bites” into the solid, and the interface is replaced by a solid solution of 
variable composition gradient as we go from the adhesive into the solid. The inter- 
facial energy is dissipated as heat of solution of solid-solid in cases of this type. 
Such adhesives ave quite tenacious. Another tenacious bond is formed by introduc- 
ing a polymerizable material between pieces of solid polymer, in which case the 
bond ean result from a chemical union of polymerizing adhesive and solid polymer. 

In regard to the specificity of adhesives, it can be stated that, in general, polar 
adhesives bond hest to polar materials and nonpolar adhesives to nonpolar materials. 
Aqueous dispersions of nonpolar adhesives often give better bonds to polar surfaces 
than do solutions of the same adhesives. However, some dispersions are non- 
adherent unless further activated. For example, the organosols of polymers and 
some copolymers of vinyl ehloride dry to a powdery deposit and require heat to fuse 
the adhesive to a film. Adhesive action is undoubtedly influenced at times by the 
fact that an adhesive having more than one ingredient may dry to à film having a 
different composition at its surface from that in its body. This difference in com- 
position within the film ean he affected by variation in the dissolving or dispersing 
medium from which the film was dried. 

Mechanical factors are sometimes quite important in the proper use of an ad- 
hesive, although the term “mechanical adhesion” is misleading and should not be 
used. Adherence and mechanical interlocking are distinct phenomena, Twa 
examples of the importance of mechanies in bonding can be cited. In forming an 
adhesive bond to a flexible, porous material such as cardboard, it is often desirable to 
obtain contact with a large surface area of the weak material. Absorption of the 
adhesive by the porous material, or even partial impregnation of the latter, not only 
gives this enlarged surface area but may also strengthen the material. Another 
example of the importance of mechanical faetors involves the bonding of two dis- 
similar, rigid materials of different coefficients of expansion. The most suitable 
adhesive for such bonding is one which can distribute the stresses set, up during 
temperature variations. Such an adhesive may have elastic properties. 

The various types of adhesives, classified on the basis of how the forces men- 
tioned above are brought into operation, are discussed below under the following 
headings: (7) solvent-responsive or solvent-activated, (2) heat-responsive or heat- 
sealing, (8) pressure-responsive or pressure-sensitive, and (4) chemically reactive. 


Solvent-Responsive Adhesives 


Solvent-responsive or solvent-activated adhesives are adhesives in which 
flow during application and adherence during bonding are effected by means of a 
volatile liquid carrier, Solvent-responsive adhesives are used as solutions, digper- 
sions, pastes, and gels (the last are liquefied by heating when applied). Of all 
adhesive compositions, these have been in use for the longest time, are now the most 
widely varied in range of useful constituents, and are still the most prevalent in use. 
Iu the utilization of these compositions, the requisite flow and tack of the adhesive 
base are secured by means of a volatile liquid, although these properties may be in- 
fluenced by the addition of plasticizers and adhesion-augmenting resins. The 
adhesive bases may be selected from acrylate or methacrylate polymers, alkyd 
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resins, cellulose ethers or esters, natural resins such as shellac or rosin, vinyl poly- 
mers, rubber or synthetic rubbers and their derivatives, vegetable gums and starches, 
and protein glues, The volatile liquid cartier is generally a solvent for the adhesive 
base. On the other hand, a nonsolvent dispersing medium for self-coalescing com- 
positions is preferred when ihe use of solvents results in extremely high viscosities, 
when hazards result from the toxicity or flammability of organic solvents, or when 
costs are favorable for their use.  Plastieizers (q.v), which are used when the ad- 
hesive is too hard or brittle, are selected on the basis of their effectiveness and com- 
patibility with the adhesive base, Adhesion-augmenting resins are generally of 
much lower molecular weight than the adhesive bases in which they are used. 
‘They serve to enhance the degree and prolong the duration of tackiness while the 
adhesive is drying. 

Protein glues and vegetable gums and starches (15) are reported to have beeu 
in use 3000 years ago, and even today they represent an important class of adhesives. 
Treatment of animal glue with acetic acid or urea, accompanied by heating, produces 
a cold-working glue that docs not gel in solution at ordinary temperatures. Ad- 
hesives made from hydrolyzed (dextrinizecl) starches, principally tapioca starch, 
are weaker but less odorous (see Starch). Gum arabic and gum tragacanth are im- 
ported vegetable gums used as adhesives. These various achesives are used ex- 
clusively in aqueous solutions. They have been supplemented with water-soluble 
synthetic adhesives, such as polyvinyl alcehol, sodium cellulose glycolate, and 
methyl cellulose. The synthetic products vary in adhesive quality, but are sus- 
ceptible of modification in properties to meet various requirements. 

A second class of importaut solvent-responsive adhesives includes natural ruh- 
ber (6), reclaimed rubber, synthetic rubbers (14), and rubber conversion products 
such as chlorinated rubber, cyclized rubber, and rubber hydrochloride. The com- 
pounding of the rubber and synthetic rubber bases, particularly as regards degree of 
mastication and incorporation of peptizing agents, plasticizers, and resins, is of con- 
siderable influence on the properties of the adhesive. Solvents are generally chosen 
on the basis of economy when other considerations will permit. The cheapest and 
most plentiful are aliphatic hydrocarbon solvents. Sueh solvents are useful for 
rubber, cyclized rubber, and hydrocarbou polymers (Buna-8, Butyl rubber, and 
polyisobutylene). Addition of a polar solvent, such as alcohol, is frequently effec- 
tive in lowering the viscosity of these adhesives. Aromatic hydrocarbon solvents 
serve for chlorinated rubber, chloroprene polymers (Neoprene), and butadiene- 
acrylonitrile copolymers of low acrylonitrile content. Ketones, nitroparaffins, 
chlorinated hydrocarbon solvents, or esters are necessary to dissolve butadienc- 
acrylonitrile copolymers of higher acrylonitrile content (Buna-N). The choice of 
plasticizers and resins for use with these adhesive bases is usually governed by 
considerations of solubility. Esters (for example, phthalates) are useful with Buna- 
N, whereas hydrocarbon resins, or those having a low content of polar groups, are 
more adaptable to rubber, Buna-S, Butyl rubber, and polyisobutylene. Chlorinated 
resins may be used with chlorinated rubber. Aqueous dispersions of rubber and the 
synthetic rubbers made by emulsion polymerization (Buna-S, Buna-N, Neoprene) 
are valuable adhesives, since they coalesce during drying and bond especially well to 
porous polar surfaces to give waterproof elastic bonds. The solvent-based ad- 
hesives are suitable for forming similar bonds on nonpolar surfaces. The choice of 
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an adhesive is greatly influenced by its solubility and chemical reactivity when re- 
sistance of the resulting bond to attack by solvents and chemicals isinvolved. Thus, 
chlorinated rubber is especially suitable as an adhesive when there is need for more 
resistance to chemical attack than that provided by unsaturated natural or syn- 
thetic rubbers. This excellent, chemical resistance is shared by the isobutylene 
polymers. 

Of the cellulose derivatives, cellulose nitrate has been most extensively used as 
& solvent-aetivated adhesive. Solutions in ester solvents, with alcohols and aro- 
matic hydrocarbons as extenders and diluents, respectively, are generally used. 
Camphor, as a plasticizer, and a rosin ester tackifier complete a typical adhesive 
composition. Alkyd resins are sometimes used also in combination with cellulose 
nitrate. Other cellulose esters (acetate, acetate propionate, and acetate butyrate) 
are much less generally adaptable as adhesives, but have better heat resistance and 
stability than cellulose nitrate. Ethyl cellulose solutions (containing alcohols to 
reduce visvosity) in aromatic hydrocarbons are sometimes used as solvent-responsive 
adhesives. 

The vinyl resins most frequently used as adhesives in organic solvents are poly- 
vinyl acetate and polyvinyl aectals. Polyvinyl acetate is soluble in lower aliphatic 
alcohols, ketones, esters, and aromatie hydrocarbons. Phthalate and phosphate 
esters are efficicut plasticizers. Polyvinyl butyral and polyvinyl formal are able to 
furnish elastic adhesive honds when suitably plasticized. The usual solvents are 
aliphatic aleohols or aromatic hydrocarbons. Aqueous dispersions of plasticized 
polyvinyl acetate are often employed as adhesives in competition with or as sub- 
stitutes for rubber latex. These vinyl adhesives have good chemical resistance but. 
are sensitive to water and most organic solvents. 

Polymers of acrylic and methacrylic esters are available as solutions or disper- 
sions in water. The most commonly used solvents are aromatic hydrocarbons, 
aliphatic esters, and chlorinated hydrocarbons. As the length of the alkyl chain of 
the resin progresses from methyl to octyl, the physical properties of the polyacrylate 
resins range from hard and tough to soft, elastic, and tacky. Polymothacrylates 
undergo the same transformation of properties as the allyl ester is increased in chain 
length, but these resins have higher softening points and are essentially tougher. 
The most important resius for use in solvent-responsive adhesives are in the group 
beginning with the methyl and ending with the butyl ester. Since a choice in 
physical properties can be made, it is usually unnecessary to incorporate plasticizers 
to secure the requisite adhesive character. The outstanding property of these resin 
adhesives is that they provide colorless, transparent bonds of good aging qualities. 

Shellac’ has been used in ethyl alcohol solutions as a general utility adhesive. 
Exceptional strength is reported with the use of shellac containing 10% creosote. 
Rosin and rosin-castor oi] mixtures are used ag salvent-activated adhesives. These 
adhesives have comparatively low softening points, and are hence of limited utility. 
The rosin soaps of zinc and calcium have higher softening points, but are subject to 
hydrolysis. Asphalts in aliphatic hydrocarbon solvents or in aqueous dispersions 
are very low-priced adhesives which are dark in color. 


Uses. Water-soluble glues, gums, and starches are used as paper adhesives for 
labels, envelopes, wallpaper, paper, and cardboard box manufacture, and in food 
packaging, bookbinding, and gummed-tape coating. They are also available ag 


ADHESIVES 197 


household glues, Water-soluble synthetic resins find use for similar purposes, but 
are normally limited to more critical applications because of higher cost. Rubber 
and synthetic rubber cements are employed to boud flexible materials such as 
leather, fabrics, and upholstery to wood or metals in transportation equipment. 
They are likewise used in laminating and cloth combining for shoes, luggage, and 
leather goods. Cellulose nitrate provides the base for a shoe cement and for 
numerous household cements. Vinyl adhesives are useful for bonding plastics, 
metals, and glass, and the emulsions of vinyls are applied as adhesives in textile and 
leather assemblies. Acrylic polymer adhesives are used in fabricating acrylic plas- 
tics. They also serve as optical cements, and their emulsions are valuable pigment 
binders in fabric and leather coating. Shellac is used as an adhesive in electrical 
equipment and for small metal parts. Asphalt is employed in laminating paper for 
waterproof wrappings and as a scaling composition in automobiles. It is also useful 
as a core binder and a binder for grit on paper roofing. 


Heat-Sealing Adhesives 


The heat-responsive adhesives, more generally known as the heat-sealing ad- 
hesives (10), are inactive solids at normal temperatures but may be converted by 
application of heat to a sticky or molten condition, Temperature, pressure, and 
time are the factors which influence the ease of application ancl bonding strength of 
these adhesives. Heat-scaling adhesives usually have many valuable properties, 
such as toughness, flexibility, good electrical qualitics, and resistance to moisture, 
solvents, and chemicals in general. Of commercial importance in this field of 
adhesive technology are the waxes, the cellulose derivatives, the vinyl esters and 
acetals, and a group consisting of rubbers, rubber derivatives, and related hydro- 
carbons, 

Perhaps the oldest and still one of the most widely used group of heat-sealing 
bases consists of the waxes (g.».), often ‘the microcrystalline waxes. They are 
usually coated upon a supporting base such as paper or a film, but have also been 
used as self-supporting films when reinforced by toughening elastomers and plas- 
tomers. Wax compositions usually melt completely between 50° and 65°F, and, 
therefore, have to be held motionless during sealing until completely solidified. 
They usually have low adhesion and lack flexibility, but are very satisfactory when 
versatility and easy sealing are desired. Waxes are usually coated as hot melts, 
but reinforced waxes have been calendered and have also been applied in the form 
of emulsions. 

The cellulose esters and ethers generally have high strength and moistureproof- 
ness, are exceptionally adaptable for many purposes, and are known to give excellent 
bonds to fibrous bases, to textile materials, and to many thermoplastics. Solvent 
coating, hot-melt coating, and calendering are the preferred methods of application. 
Cellulose nitrate, as part of a wax—plasticizer-resin compound, is used as a mois- 
tureproof coating which is at the same time heat-sealing, Its advantages are in- 
herent flexibility and small coating thicknesses. High flammability has thus far 
prevented the use of solid films of cellulose nitrate for heat-sealing. Cellulose 
acetate and mixed cellulose esters are used in heat-sealing, water-resistant coatings 
when flammability prevents the use of cellulose nitrate. In itself, cellulose acetate 
is too high-inelting for good heat-sealing, but it is highly recommended for electrical 
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uses or in applications when greaseproofuess is desired. Ethyl cellulose toughens 
many heat-sealing adhesives and, in addition, contributes low-temperature flexi- 
bility and sirength. It possesses good compatibility with a wide variety of com- 
pounding agents. It normally needs addition of a tacky resin to provide satisfactory 
sealing and softening properties. 

The polyvinyl esters and acetals play an inereastugly important part in the 
heat-sealing udhesive industry. They have widely different properties and range 
from the fairly soluble types having extremely low melting points to the relatively 
new types which have medium to high melting points, which are insoluble even in 
chlorinated solvents and ketones, and which do not react with fairly strong acids 
and bases. ‘The preferred modes of application involve calendering or spreading 
from solvents or emulsions. Polyvinyl acetate, the longest known member of this 
group, is more soluble than most of the other vinyl esters. When plasticized with 
any of a wide variety of well-known plasticizers, it gives good bonds and can be 
used to join fibrous materials. 

Acetalized vinyl polymers, especially the butyrals, ure used in laminating wher- 
ever their heat-sealing and elastic properties are found of valuc. A great improve- 
ment in solvent resistance ts obtained by the use of polyvinyl chloride or a copolymer 
of vinyl chloride with a minor proportion of vinyl acetate. The members of this 
group usually have higher melting points, and will readily withstand some of the 
stronger chlorinated solvents. Proper selection of plasticizers is, of course, very 
important when it is desired to utilize this resistance to solvents. Copolymers of 
vinyl chloride and vinyl acetate are used in the forms of films and coatings. Other 
polyvinyl chloride copolymers, for instance those with vinylidene chloride, are newer 
but appear to be due for considerable further development. They normally melt 
at higher temperatures than other vinyl esters, and are quite insoluble and unre- 
active. Special sealing aud clamping procosses are frequently necessary to permit 
satisfactory sealing of these copolymers, inasmuch as they exhibit a tendency to 
shrink, which is especially pronounced in the case of the vinylidene chloride co- 
polymers. 

Most of the rubber and other hydrocarbon polymers (as asphalt) can be used 
in adhesives which will soften somewhat under heat. These products are rather 
similar to pressure-sensitive adhesives but have higher flow points. They are fairly 
soluble but adhere tenaciously. Rubber derivatives such as the cyclized rubbers, 
which are usually modified by waxes and resins, give good sealing to themselves and 
to other films. Rubber hydrochloride seals easily only to itself and is often so used. 
Asphaltic materials, applied as emulsions or hot melts, provide a good degree of 
moistureproofness and arc cheap heat sealers for fibrous materials. 

In all of the cases discussed above, the polymeric material is used as the tough 
film base which gives extra adhesive bonding streugth, while waxes and plasticizers, 
usually of the ester type, are often relied upon to give proper flow at a suitable 
heat-sealing temperature. "lackifying resins are often added to the intimate mix- 
ture to modify the consistency, to give additional adhesion to particular surfaces, 
and to improve the attachment to the carrier sheet (as cellophane) with which the 
heat-sealing adhesive is used. In selecting and compounding the proper base, care 
should be taken to adjust the softening range in order to avoid stickiness or undue 
softness at temperatures of normal handling and below the desired sensitizing 
temperature, and to make it possible to apply or form the material easily. 
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The sealing operation itself normally requires a hot iron or presser of the 
heated-roller type. Induction heat-sealing equipment has recently become avail- 
able and has proved advantageous in cases where large thicknesses of nonconducting 
material need sealing. There is considerable trade and patent literature showing 
efficient automatic or semiautomatic heat-sealing machinery (1). In view of the 
high development of heat-sealing machinery, many new applications for heat- 
sealing adhesives are in prospect. 

Uses. Among the highly developed applications are lamination and splicing of 
fibers and fabrics, for instance, in the packaging industry and the film, paper, aud 
cloth-converting industries. Well-known film materials such as cellophane and 
glassine often utilize thin coatings of heat sealers as protection against moisture 
and grease. In recent years, heat-sealing mending tapes, which resist dry cleaning 
and washing, have become popular in this country. Another use of heat-sealing 
adhesives 1s in the production of heat-activated transfers and decaleomanizs. 


Pressure-Sensitive Adhesives 


Pressure-responsive adhesives have attained a role of industrial importance so 
recently that they are often ignored completely in general reviews of adhesives. 
In the recent but rather copious patent literature pertaining to them, they are 
usually referred to og “normally tacky and pressure-sensitive’ adhesives. This 
rather cumbersome description has generally been shortened to “pressure-sensitive,” 
and it is under this designation that they are usually classified today. 

Pressure-sensitive adhesives are normally used in the form of adhesive tapes, 
the function of the adhesives being to attach the tape backing (cloth, paper, cte.) 
to the surface of some other material. These aclhesives differ from the other types 
in that they function immediately upon application without any physical or chemical 
change in the adhesive layer being involved. They must provide instantaneous 
adhesion when applied under light pressure. For most practical applications of 
pressure-sensitive adhesives, another requirement is that they be of such a nature 
that they can by a light pull be cleanly removed from the surfaces to which they 
have been applied. Thus, if & pressure-sensitüive masking tape is being used to 
protect the glass of an automobile from paint during a spray-painting operation, 
it must be possible to pull the tape off the job later without leaving any deposit of 
adhesive on the glass. 

Since the backing used lias eonsiderable influence on the performance of pres- 
sure-sensitive adhesive tapes, a brief diseussion of backings is in order. Almost 
any woven fabric, free film, or matted web, if possessed of moderate tensile strength 
and flexibility, might serve asa tape backing. An 80 X 80 cotton cloth is frequently 
used as à backing for surgical tapes and also for many industrial tapes. Cloths of 
finer and coarser weave can also be used. Furthermore, the woven fabric need not 
be cotton. For instance, acetate rayon and Fiberglas provide backings for tapes 
for the electrical industry; sill has been used as a backing for tapes for the photo- 
graphic industry; and tape with a backing of woven asbestos has played a role in 
shipbuilding. Paper provides the example of a matted web used as a tape backing. 
In fact, the paper-backed masking tapes constitute a very important class of indus- 
trial tapes. Ordinary paper is usually unsatisfactory as a tape backing, It is only 
by impregnating it with proteins, rubbers, resins, or certain mixtures thereof that 
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the necessary internal bonding, tensile strength, flexibility, etc., are imparted to the 
paper. Cellophane, which provides the backing for most transparent pressure- 
sensitive tapes, is the most important example of a film backing. Cellulose acetate 
film is also used, and a special backing, consisting of acetate film laminated to a 
thin paper to increase tensile strength and tear resistance, was extensively used for 
packaging during World War II. Many other organic films have been studied and 
some have been used in a small way. Finally metal foils provide interesting films 
for use as tape backings, aud a bright future for tapes with this type of construction 
is predicted by the writers. 7 

In order to exhibit the properties listed above, a pressure-seusitive adhesive 
must have not only tack and adhesiveness but also internal strength, resiliency, 
cushioning power, and usefulness over a rather wide range in temperature. To 
impart these latter properties, a film-forming, elastomeric or rubber-like material 
is a highly essential ingredient. Prior to 1941 natural rubber provided the elasto- | 
meric component for practically all of the adhesives used on both surgical tapes and 
industrial tapes. The severe shortage of rubber during the war led to the use of a 
number of materials in place of cruderubber. First among the substitutes for crude 
rubber were those reclaimed rubbers that have a high content of rubber hydro- 
carbon. Very successful adhesive masses for cloth and paper tapes have been de- 
veloped with reclaimed rubber as a base. Considerable success has also been 
achieved with the synthetic rubbers, especially the butaciene-styrene copolymers 
(Buna-S or GR-S). Butyl rubber (GR-T) and Neoprene (GR-M) have been used 
but not to any great extent. 

Polyisobutylene deserves first mention among materials not classed as syn- 
thetic rubbers. During World War I it was employed extensively as a base for 
surgical tape adhesives (sometimes mixed with GR-S) and was also used consider- 
ably for transparent industrial tapes. In order to be equally effective, a successful 
surgical adhesive with a synthetic base must show a much greater adhesion (as 
measured by the usual test against a lacquered metal surface) than does a similar 
adhesive based on natural rubber. The explanation of this observed fact is mot 
readily apparent, even to experienced adhesive compounders, 

Among the elastomeric resins which have been used to vase the shortage of 
crude rubber for pressure-sensitive adhesives, are certam acrylic and methacrylic 
polymers. More than one type of vinyl polymer has also been found to be adaptable 
for this same purpose. Finally, resins of the alkyd type were likewise used wheu 
the emergency was at its peak. The goal of certain adhesive chemists is to syn- 
thesize a compound which can serve as a single-component adhesive and provide 
all the properties now furnished by a mixture of ingredients. The probability of 
success of research effort along this line cannot yet be predicted. 

The tack, specific adhesion, aud wetting power of pressuro-sensitive masses 
are provided largely by the resins present. Compatibility with the elastomerie 
component is a prime requisite of such resins. Ordinary rosin was probably the 
first such resin used, Today rosin derivatives which impart longer aging life to the 
adhesives are in greates favor. Examples include dehydrogenated rosin, hydrogen- 
ated rosin, and certain esters thereof. Tackifying resins based on terpene polymers 
have gained acceptance in recent years, as have also hydrogenated eoumarone- 
indene resins and an acetylene-p-terl-butyIphenol resin (IKoresin). 
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Other ingredients which may or may not be used in pressurc-sensitive adhesives 
include plasticizers, mineral fillers, antioxidants, and other modifiers. Plasticizers, 
examples of which include pine tar and Hercolyn (methyl ester of hydrogenated 
rosin), can influence the degree of adhesion, tack, wetting power, and flexibility of 
the adhesives. Mineral fillers, such as zine oxide, may be employed to impart firm- 
ness, provide color, or lower cost, Antioxidants are frequently present. Those 
which serve best for vulcanized rubber products are not necessarily effective for 
unvuleanized adhesives. Special light-colored types of factice deserve mention 
since they came into use during wartime for the compounding of certain adhesives to 
(1) improve processability, (2) increase the compatibility of the other ingredients 
used, and (3) prolong the storage life of the adhesives. 

Obviously an adhesive mass, as it is observed on the final tape, does not have 
such a consistency that it can be spread. During manufacture of the tape, the 
previously mixed mass must temporarily be made less viscous so that it can be spread 
in a smooth layer on the backings. Two methods for obtaining this temporary 
plasticization are employed. One involves the use of heat; the other the use of 
solvents. The first is the calendering method; the second, the solvent spreading 
method. Calendering is most commonly used for making cloth-backed tapes, 
whereas solvent spreading is the normal process with paper-backed and film-backed 
tapes. 

Although most tapes have adhesive on one side of the backing only, double- 
faced tapes with adhesive on both sides are also manufactured for certain industrial 
uses. An inert interliner must be incorporated in rolls of double-faced pressure- 
sensitive tapes or they cannot be successfully unrolled. With the cheaper friction 
tapes, however, the adhesive strength is so low that the tapes can be readily unrolled 
even though no interliners are employed. 

Not all pressure-sensitive adhesives are sold in tape form, although the discus- 
sion above has been limited to tapes.  Pressure-sensitive adhesives are also mer- 
chandized as solutions or as aqueous dispersions, but there is practically no published 
information regarding the composition of the latter. Even these solutions and dis- 
persions are normally applied to some type of backing before being used, so that 
their ultimate function is essentially the same as that of the adhesives on tapes. 

Uses. Although the applications of surgical adhesive tapes are generally 
known to the public, the diverse uses of the industrial pressure-sensitive tapes are 
not so generally appreciated. These latter may be largely classified on the basis of 
nine different functions performed. The nine classes, together with an illustration 
of each, are: (1) Masking. During spray painting, the protection of any portion 
of an object which is not to be covered with paint. (8) Stenciling. Similar to 
masking but limited to the application of painted names, numbers, ete., to railway 
cars, buses, etc. (8) Protection. Prevention of corrosion or abrasion of metal, 
wood, plastics, etc., during manufacturing operations or transit. (4) Packaging. 
Closing of bags, packages, boxes, ete., by means of tapes. (4) Sealing. Closing 
openings, sueh as gun muzzles or the cracks around doors, prior to fumigation. 
(6) Holding. Keeping doors, ete., of refrigerators, stoves, etc., closed during ship- 
ment. (7) Identifying. Marking of pipelines, cables, wires, ete., for easy identi- 
fication by means of colored tapes. (8) Insulating. Protection of coils in electric 
motors against electrolytic corrosion. (9) Reinforcing. Strengthening of leather, 
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fabrics, ete., iu the manufacture of bags, belts, and women’s shoes. Double-faced 
tapes often remain ws a permanent part of a manufactured article. 


Chemically Reactive Adhesives 


Chemically reactive adhesives are those adhesives characterized by the occur- 
rence of chemical change during the formation of the bond. Three types of 
reaction are ordinarily encountered in practice (see Polymerization): 

(1) Cross-linking changes, in which a very stuall amount of added reagent effects 
major changes in the solubility and softening point of the adhesive. Common 
examples are the tanning of protein adhesives and the vulcanization of rubber. 
(2) Condensation, in which growth of molecular size occurs, and a by-product of the 
reaction ix liberated. The curing of phenol-formaldehyde, urea-formaldehyde, and 
similar resins exemplifies this type of reaction. (8) Polymerization, in which molecu- 
lar growth occurs by a combination of unit structures, Adhesives which funetion 
hy means of polymerization are of recent development. Iéxamples inchide mono- 
merie allyl esters, styrene, acrylic esters, and methacrylic esters. 

Profound changes in rheology aud chemical activity occur in reactive adhesives 
before the bond becomes operative. For example, condensation and polymerization 
adhesives do not necessarily exhibit the molecular size or the tack ordinarily assoei- 
ated with adhesives. Hence, these adhesives are frequently used with jigs, presses, 
clamps, or molds to hold the elements being bonded until the achesive functions 
(12). In contrast to the other types of adhesives discussed, chemically reactive 
adhesives may furnish a bond which is ultimately insoluble in solvents, not appre- 
elably softened by ordinary heating, and comparatively inert to chemical attack. 
Under special conditions, these adhesives may effect bonding by means of primary 
chemical valence forces. For these reasons, chemically reactive adhesives have 
hecome increasingly important, and are aecomplishing results previously considered 
heyond the seope of adhesives, . 

Animal and vegetable proteins (glues) are among the oldest known adhesives. 
The glues include hide and bone glue, casein, zein, soybean protein, blood albumin, 
and fish glue. They may be used with formaldehyde or other reagents to effect 
insolubility in water or alcohol, but their resistance to hot water is poor. They 
tend to embrittle at temperatures above 110°C. Humectant plasticizers such as 
glycerol may be used to increase flexibility, but the resulting compositions undergo 
variation in physical properties with varying humidities, 

Vulcanizable natural rubber aud synthetic rubber adhesives (14) are useful 
when an elastic shock-dampening effect is required of the adhesive; when the 
adhesive is employed between materials having different expansion coefficients 
(which would cause failure iu 4 rigid adhesive): or when the character of one of the 
elements to be bonded requires the specific adhesive action of the rubber-type base. 
Additions of tackifyiug resins are recommended for adhesion to particular surfaces. 
The following are examples of tackifiers: rosin or its esters; coumarone-indene 
resins; terpene polymer resins; and phenol- or resorcinol-formaldehyde resins. 
Many other resins are also employed with rubbers in amounts varying from small 
proportions, which lave little effect on the physical properties, to amounts which 
represent a major proportion of the composition and which impart to the adhesive 
nonelastie or slow recovery phenomena, The clastic base and modifying materials 
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are selected primarily in accordance with the properties to be secured. The more 
polar Neoprene and Buna-N compositions are chosen for resistance to oil and 
gasoline, Natural rubber has excellent combining tack, and Butyl rubber is out- 
standing in aging properties, 

Among adhesives which undergo condensation during bonding, the first. £o be 
used were sodium silicate solutions (sce Silica and silicates). These adhesives are 
alkaline, clear solutions which give a uontoxic, nonflamimable bond. The solutions 
are actually salts of sodium with polysilicie acids, the usual ratio of sodium oxide 
(N&O) to sica (iOa) being from 1:3.2 to 1:3.5. The adhesive bond obtained is 
brittle and water-sensitive. The setting of these adhesives occurs by loss of water 
and formation of a gel. The application of sulfuric acid, calcium chloride, or other 
acids or acid salts to the dried or partly dried adhesive will hasten setting. The 
outstanding property of these adhesives is their resistance to acids or acidic chemical 
solutions. 

Urea-formaldehyde resins are used cither as hot- or cold-setting adhesives. 
Both liquid solutions and powdered solids aro available, the latter being dissolved in 
water to form adhesives prior to use. The solutions usuully require addition of 
'atalyst (acids or acidie salts) for setting. The solid powders may contain the 
catalyst in a dry, inactive state. Curing cycles range from an average of six hours 
at room temperature to ten minutes or less with temperatures of 100°C. During 
the curing cycle, the elements to be bonded are maintained in contact with one 
another by means of clamps, jigs, or presses. l'or more uniform pressures on curved 
parts, steam or air pressure is used, the equipment involved including either inflated 
or deflated bags in conjunction with molds, or half bag-shell combinations. Urea- 
formaldehyde adhesives are more water-resistant than protein-formaldehyde ad- 
lesives, but they will not withstand boiling water. Similar in handling character- 
istics and general properties are the melainine-formaldchyde resins. They have 
better water-resistance than the uréa-formaldehyde adhesives, and are sometimes 
mixed with urea-formaldehyde resins to improve the water resistance of the latter. 

Phenol-formaldehyde resins represent au important class of thermosetting 
adhesives. By varying the phenol or phenol homolog, the phenol-formaldeliyde 
ratio, and the catalyst, these resins can be made tu vary considerably in hardness, 
solubility, and reactivity. They are available as liquids, solutions, or dry resins, 
as well as in the form of an impregnated-paper laminating film. Curing conditions 
vary from a few minutes at 150°C. to 24 honrs at 50°C. Pressure is used, as in the 
case of the urea-formaldchyde adhesives. The outstandiug properties of phenol- 
formaldehyde adhesives are excellent resistance and dimensional stability in contact 
with water und most. solvents. 

Regorcinol-formaldehyde resins are used as celd-setting adhesives since they 
can be made to react at room temperature by the addition of a suitable catalyst 
or hardener, such as formaldehyde, hexamethyleuctetramine, or other formalde- 
liyde-generating material. The outstanding property of these adhesives is that 
they combine the advantages in fabrication of using cold-setting adhesives with 
the superior resistance and stability of thermosetting resins. 

Furfural resins can be used either as thermosetting or cold-setting adhesives. 
In the latter case, an acid catalyst is added before use. The bonds obtained com- 
pare favorably with those secured with phenol-formaldehyde resin. adhesives. 
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Polymerizable adhesives may consist of a plastic nonomer, mixtures of mono- 
mers, or a solution of plastic in monomers. The adhesives are normally activated 
with a peroxide catalyst and cure at slightly elevated temperatures. Practical 
considerations limit the use of monomers to those which are not too volatile at room 
temperature. Allyl esters, styrene, and solutions of polymethyl methacrylate in 
methyl methacrylate are used for adhesives. The advantages of these adhesives 
are: (1) they cau form true chemical bonds with suitable plastic polymers; (2) they 
can be used with contact pressure only, since they undergo minimum shrinkage 
during bonding; and (3) they may be utilized between impermeable materials, since 
they eoutain no volutile ingredients which might cause blistering. The disadvan- 
tage associated with their use is that the polymerization is very easily prevented by 
contact of the adhesive with heavy metals, sulfur, and other catalyst poisons. 
Wider choices of monomer are needed for the development of these adhesives. 

Uses. Applications of chemically reactive adhesives are numerous and of 
considerable commercial importance. Protein glues are used as adhesives for 
fabric, paper, and wood. Rubber adhesives are important in attaching engine 
mountings and shock absorbers, and in cementing footwear and the seams of proofed 
goods, and have even shown advantages in metal and plastic fabrication. Sodium 
silicate adhesives are used in bonding brickwork, tile, and masonry, in acid-resisting 
chemical equipment, and as corrugated box adhesives. Urea-formaldehyde ad- 
hesives find application in plywood (¢.v.) manufacture and as core binders for pre- 
cision castings. Phenol-formaldehyde adhesives are used for plywood manufacture, 
as brush-setting and lamp-basing cements, for the bonding of abrasive wheels, and 
for numerous other bonds to metals and plastics. Melamine adhesives serve pri- 
marily for the manufacture of plywood. Resorcinol adhesives are used for metals 
and wood; furfural adhesives for plastics and rubbers. Finally, the allyl ester and 
styrene monomer compositions are employed as laminating adhesives for metal, 
plastic, and fabrie combinations. 


Testing of Adhesives 


The applications for adhesives are so varied, and individual requirements and 
specifications of industry differ so widely, that it is nearly impossible to predict the 
performance of an adhesive in a new application if one uses only the limited number 
of standard tests peculiar to the adhesive industry. Development of a suitable 
adhesive for a particular new use nearly always necessitates the application of tests 
specific to the use planned for the adhesive. A number of tests, however, have 
become standard in the adhesive industry, and others are rapidly becoming standard 
(10). In general, adhesive tests may be divided into quality tests and stability 
tests. 

Quality tests measure the condition of the adhesive bond (or of the adhesive 
itself) at the time the test is made. Regular tensile tests, which measure the force 
required to separate adhesive bonds by direct pull, give a general but not too accu- 
rate comparison of various adhesives. Of greater importance in the adhesive 
industry are shear tests, which measure the force required to cause sliding of ad- 
hesive-bonded materials relative to each other in a direction parallel to their plane 
of adhesive contact. Peel-back, impact, and strip-down tests are used to measure 
combinations of both forces, which are often encountered under conditions of prac- 
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tical use. Other practical tests measure the flexibility of the bond, and the tensile 
strength, shear strength, and flexibility of the bond while immersed in a liquid such 
as water. As far as the condition of the adhesive itself is concerned, it is customary 
-to test the viscosity, the percentage of solids, the flash point, and the setting time 
(when a setting adhesive is used). 

Stability tests are concerned with the condition of the bond and of the adhe- 
sive as it would appear after prolonged storage or use. The selection of these tests 
and interpretation of their results demand considerable experience with the perform- 
ance of the adhesive components and with the problems of the particular applica- 
tion. Many of these tests involve prolonged exposure of the adhesive or the bond 
to elevated or sometimes to low temperatures, to oxygen, and to other chemicals 
which may cause deterioration of the adhesive or bond. Adhesive bonds used in 
moving mechanical parts frequently require exposure to vibration or abrasion tests 
for an estimate of their performance. Occasionally it may be necessary to evaluate 
the material adjacent to the bond before and after exposure. The usual stability 
test involves a test before exposure, a test after a given period of exposure, and a 
comparison of the results obtained. 

Although many tests may be used for the evaluation of pressure-sensitive 
adhesive tapes, the ones most commonly employed include those for tensile strength, 
ultimate elongation, resistance to aging, and adhesion. The first two of these tests 
are conducted on paper-testing equipment, such as the Thwing-Albert Tensile 
Tester. Accelerated aging tests may be run at 38°C. (100°F.), 49°C. (120°F)), 
65.6°C. (150°F.), 70°C. (158°F.), or at other temperatures. Those conducted at 
the two lowest temperatures furnish a rather reliable measure of expected field per- 
formance. ‘Those run at the higher temperatures (in accordance with most Army 
and Navy specifications) are more rapid but less trustworthy. Failure, if it occurs 
in an accelerated test, may manifest itself in loss of adhesion, in delamination of the 
backing, in “blocking” or “freezing” of the roll, in pick-off of backing into adhesive 
mass, ete. The adhesion tests used are peculiar to the industry. They normally 
involve a standard method of application of the tape to a standard surface, and the 
subsequent measurement of the force necessary to separate the tape from the surface 
at an angle of 180° (7). 
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ADIPIC ACID, HOOC(CHA24COOH. — See zLeids, dicarbowylic. 
ADMIRALTY METAL. Sce Copper alloys. 

ADNIC. Sce Copper alloys. 

ADONITOL, C;F.0;. See “Rihitol? under Alcohols, higher polyhydric. 
ADRENAL HORMONES. See Epinephrine; Hormones, 


ADRENALIN, (OFD).CsH.CH(CH,NHCH,)OH. See Epinephrine; Stimulants of 
nervous system. | 


ADSORPTION 


Recent years have witnessed the introduction of several new concepts in the field of 
adsorption. Especially in the realm of the theory of physical adsorption of gases on 
solids has progress been made. The first part of this article summarizes the present 
concepts of adsorption on solids, both from the gas phase and from solution. For 
adsorption in gas-liquid or liquid-liquid interfaces see Surface properties. For the 
industrial applications of adsorption see the second part of this article, page 222. 


ADSORPTION, THEORETICAL 


Adsorption of Gases on Solids: Physical Adsorption, 208; Chemical Adsorption, 
217. Adsorption o£ Liquids ou Solids, 218. 


Adsorption of Gases ou Solids 


Definition of terms. Adsorption by a solid is defined as the phenomenon of the 
taking up of molecules from the gas phase or from solution by the soltd's surface, 
The term surface includes both the outer geometric surfaces and the “inner” surface 
bounding the capillaries, eracks, and erevices. The sorption of gases on solids is of 
two types: physical adsorption aud chemical adsorption. Tt will first he necessary 
to define these two terms and to make clear the significance of each. Physical ad- 
sorption is a process that will occur between any solid und any gas if the oxperi- 
mental conditions are right. Chemical adsorptiou, on the other hand, is very 
specific and will occur only between a gas and a solid that might be expected to 
form a surface complex or compound. Physical or van der Waals’ attraction forces 
between the gaseous adsorbate and the solid adsorbent are operative in physical 
adsorption; chemical forces, in chemical adsorption. 

The heat evolved when a mole of gas becomes physically adsorbed on a solid is 
usually of the same order as the heat of liquefaction; it may exceed the heat of lique- 
faction by 50 to 100%, but seldom by more. Chemieal adsorption, on the other 
hand, may evolve 10,000 to 100,000 or more calories per mole of gas. Thus, the 
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heat of the physical adsorption of nitrogen (16) on iron syuthetic-ammonia catalysts 
decreases from about 4000 calories per mole for the first quantity of gas taken, to 
approximately the heat of liquefaction, 1360 ealories, at the completion of the first 
monolayer. In contrast to this, the heat of chemical adsorption of nitrogen on iron 
(which takes place at a much higher temperature) is about 35,000 calories per mole. 
The rate of physical adsorption is very high provided the adsorbent is not one ihat 
possesses such small pores as to make diffusion down the tiny capillaries a slow proc- 
ess; if the process of physical adsorption is slow, it is usually a sign of the existence 
of very narrow capillaries or of very small spacing between the individual particles. 
Chemical adsorption may be either fast or slow, though it is usually slow and highly 
sensitive to temperatures; on iron catalysts, for example, the rate of nitrogen ad- 
sorption is inappreciable below about 200°C. (13). Finally, physical adsorption is 
characterized by rapid reversibility. The gasis not only taken up rapidly hy a solid, 
but it is given off readily if the pressure above the adsorbent is suddenly reduced to 
a value lower than thal originally present. Chemical adsorption requires a much 
higher temperature for the removal of the gas than docs physical adsorption since 
Ea, the energy of activation of the desorption process, is equal to Æa, the energy of 
activation of adsorption, plus the heat of adsorption. (The cnergy of activation is 
ealeulated fram ihe times, h and t, required at temperatures T; aud T» in °K., to 
canse a given volume of gas to he adsorbed, according to the equation: 2.303 log h/f; 
= E/R(/Tı — 1/ T), where R is the gas constant expressed as calories and Æ, the 
energy of activation, is expressed in calories per mole of gas adsorbed.) On iron 
(18) the energy of activation of the adsorption process is about 16,000 calories per 
mole of nitrogen, while for desorption, it is abont 51,000 calories. The rate of de- 
sorption is, therefore, very low at temperatures below about 400°C. 

The term chemical adsorption, like the term physical adsorption, represents 
present usage; however at times other terms have been used in its place. For ex- 
ample, at one time such adsorption was called primary adsorption (4), at another, 
secondary adsorption (84). Taylor (41) designated the slow piekup of gas by a solid 
as activated adsorption because it was slow and apparently has frequently a con- 
siderable energy of activation, Others have used the word chemisorption to de- 
scribe particularly those processes in which a chemical adsorption occurs rapidly 
at low temperature with a negligibly low energy of activation. 

Physical adsorption ean be illustrated by the adsorption of hydroearbon gases 
on silica gel or eliareoal at temperatures at or below a few hundred degrees centi- 
grade; by the adsorption of argon, krypton, or any of the other inert gases on any 
solid at amy temperature; or in general by the adsorption of any gas on a solid 
under such conditions that no chemical reaction is involved even with the ontermost 
layer of the solid adsorbent. Itis customary today to use the Lerm physical adsorp- 
tion or van der Waals’ adsorption in describing this type of gas take-up by a solid 
(5). 

Two phenomena closely related to physical adsorption should be defiued at this 
point: absorption and capillary condensation. Absorption is a word ordinarily m- 
tended to include the pickup of gas by a solid by processes that are not exclusively 
restricted to the surface. For example, it may include the pickup of gas in the form 
of dissolved gas within the lattice of the solid, as well as the adsorption of gas on the 
surface, The term is used mostly, however, in connection with the dissolving of gas 
in liquid systems. Capillary condensation refers te the condensation as a liquid of 
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the gaseous adsorbate in tiny capillaries of a solid that will occur at pressures some- 
whal below those uecessury to cause the adsorbate to condense in bulk to a liquid. 
It will be described more in detail below but may be classed simply as one of the 
forms of gas pickup that properly constitutes a part of, and is usually indistinguish- 
able from, what we have described as physical adsorption. 


PHYSICAL ADSORPTION 


Figure 1 illustrates clearly the difference between physical and chemical adsorp- 
tion. It isan isobar (constant pressure) for the adsorption at 760 mm. pressure of 
hydrogen on an iron synthetic-ummonia catalyst. The part of the curve extending 
from —195° to —140°C. represents the physical adsorption of hydrogen on the iron. 
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pressure (19). tures (17). 


The part of the curve higher than —78°C. represents chemical adsorption. It so 
happens that in this particular example there are two separate chemical adsorptions, 
but the distinetion between these need not be discussed here. 

A more usual way of representing the adsorption of gas on a solid is by the ad- 
sorption isotherm (constant temperature), Some typical isotherms for physical 
adsorption are represented by the curves in Figure 2. Emmett gives an account of 
the laboratory methods used for the measurement of adsorption (12). A compre- 
hensive bibliography that includes the abstracts of all of these articles between 1902 
and 1942 has been published by Deitz (10). 


Three principal equations have been developed to represent the relation between the extent of 
adsorption of gas on a solid and the pressure of the adsorbing gas; they are the F Freundlich equation 
(35), the Langmuir equation, and the multilayer adsorption equation. 

The Freundlich equation: 


V = EP” (1) 


where F is the volume of gas adsorbed (expressed as moles or as eu.crn. at standard temperature and 
pressure), k and n are constants, and P is the pressure in suitable units. The applicability of this 
equation can be quickly tested by plotting the data on a log-log plot: 


log V = log k + nlog P (2) 


A plot of the logarithm of the volume adsorbed against the logarithm of the pressure should give a 
straight line if the equation is obeyed. The constant n always has a value equal to, or leas than, 1 
and frequently has a value in the neighborhood of 4/,. A few typical examples of data obeying this 
equation are shown in Figure 3 (81), | 
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The Langmuir equation (32) is simply arrived at by postulating that at equilibrium between a 
gas and a solid, the number of molecules becoming adsorbed is exactly equal to the number being 
desorbed, and that the rate of adsorption is proportional to the amount of bare surface, and the rate 
of desorption is proportional to the 
amount of covered surface. Thus a(1 — 
ϐ)Ρ = Obor, O = aP/(aP + b), where 
0 is the fraetion of the surface covered 
a&b pressure P, and a and b are con- 
stants. Obviously, this equation would 
require that at sufficiently high pressures 
the adsorption should become inde- 
pendent of the pressure, whereas the 
Freundlich equation would require a 
continuous rise in adsorption with pres- 
sure even though the slope of the iso- 
therm would become progrossively less if 
n has a value smaller than unity Since 
Ə is the ratio between the amount of gas 


adsorbed and the amount required to . . 
form a monolayer Vm, the equation may Fig.3, Adsorption plotted according to the Freund- 
m; K] 


be written: lich eauation, as ev versus log P: » D. Me Ἢ SiO, 
] £ bry Q ass — 3 a 
V/Pa = aP/(aP +b) (3) gel at 3 (2) n glass a 


platinum black at 26°C. (31). 
To ascertain whether or not particular 
data are represented by the equation, it is convenient to transform the latter into the form: 


P/V = P/Vn + b/aVn (4) 


VOLUME OF GAS ADSORBED, cu.cm. at S TP. 
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and to plot P/V against P, If the equation applies, one can also obtain an estimate as to the volume 
of gas required to form a monolayer. Examples are given in Figure 4. 

About 1935, in a search for a method for measuring the surface of synthetic-ammonia catalysts, 
it was found that at temperatures close to the boiling points of the gases, the adsorption isotherms 
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Fig. 4. Adsorption of gases on charcoal (0.200 gram) (7). 


on these catalysts took on the form shown in Figure 5 (16). It was suspected that the long linear 
part of the curves represented the building up of statistical multilayers on the surface of the solid 
and that the beginning of the long linear part of the isotherm (called point B) represented the com- 
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pletion of a monolayer. ‘To explain the shape of these S-shaped isotherms, à theory was developed 
that. postulated the building up of such statistical multilayers so that, at any particular pressure, the 
amount of gas adsorbed was à summation 
of the amount in the first layer, the 
amount, in the second layer, ete. (7). The 
multilayer equation is: 

CF nt 


Va ct (5) 


SAS + © = De) 


where x is the relative pressuro P / Py, aud 
Py is the liquefaction pressure of the ad- 
sorbate to bulk liquid at the temperature 
of the adsorption run. For the constant. 


Point Z2 


VOLUME ADSORBED, cu.cmn. at S.T P. 
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and d, ba, as, and bi, constants, The equa- 
tion may be readily transformed into the 
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Tig. 5. Low temperature isotherms on a pure-iron τα = re Tre (6) 
synthetic-ammonia catalyst (16). (1 = r) m am 


This is commonly referred to as the 
Prunaucr-Emmelt-Teller or, for ghort, the BET equation, A plot of the lelt side of this equation 
against e then affords à means. of aseertaining Whether or not the adsorption data obey such an 
equation and also of evaluating Vn, the volume of gas needed to form a monolayer, 
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Fig.6. Adsorption of ethyl chloride on charcoal (10 gras) (7). 


Equations (5) and (6) are derived on the assumption that the multilayers can build up without 
limit on the surface of the adsorbent. If one assumes that for any reason (such, for example, as the 


existence of small capillaries) the thickness of the adsorbed layer cannot exceed n layers, equation (6) 
becomes: 
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where all of the symbols have the same meaning as in equations (5) and (6) and n refers to the max- 
imum number of layers of molecules that ean build up on a given surface. For example, if two plane 
parallel walls in the adsorbent are 2n molecular diameters apart, one may assume that each wall 
can build up no more than x layers. If = 1, equation (7) becomes (substituting [or z its value 
Ρ/ΡΦ: 

PIV = P/V in + P/ha (8) 


This is identical with equation (2), the Langmuir equation, excepting that now (he constants « and 
» become transformed into the constanis C and Po, which have a very definite meaning. As a matter 
of fact, by making reasonable assumptions as te the way in which a monolayer would expand with 
temperature and hy knowing the way in which Py ehanges with temperature, it is possible to use 
equation (8) to calculate the adsorption at one lemperature from that at another (7). Such an 
application is shown in Figure 6. The isotherm at 0°C. was used to calculate the one at —15,3°C. 
and the one at 20°C, with agreement as shown beliween the calculated curves and the experimental 
points. The chief utility of equations (5), (6), aud (7) is in measuring the surface areas of finely 
divided and porous solids. This applica- l 
tion will be discussed below. 

One other adsorption concept, the 
Polanyi (89) potential theory, should he 
meutioned because it frequently is very 
convenient for euleulating the adsorp- 
tion wader one set of conditions from the 
udsorption at another. Picturing ah- 
sorbed gases as existing in thiek eoni- 
pressed films on the surface of the ad- 
sorbent, Polanyi developed a theory 
that enabled him to estimate the ad- 
sorption over a wide range of tempera- 
tures and pressures from a single adsorp- 
tion isotherm, An adsorption potential 0 100 200 300 400 500 

: : Τα ΓΕ 
plotted against the volume occupied by 5 
the adsorbed phase yields a common Fig. 7. Volume-potential curves for the adsorption of 
curve for adgorption at various tempera- nitrogen and argon on a single-promoted irou synthetic- 
tures. Later, Goldmaun and Polanyi ammonia catalyst (1-4). 
(24) ainplified the treatment to include 
monolayer adsorption; they showed that if, as an adsorption potential, the free energy of compression 
of a gas from pressure P to the saturation pressure Ps, as given by the expression. AT! ln (Po/P), is 
plotted against the volume of gas adsorbed, a smooth curve is obtained regardless af the tempera- 
ture al which the adsorption is measured, except possibly for a slight correction that usually has to 
be made for the eneflicient of expansion of the gas in the adsorbed layer. As examples, in Figure 7, 
are shown the plots of the adsorption of uilrugen aud argon hy iron synthetic-ammonia catalysts. 
By choosing the value of RY lu (Po/P) corresponding to the desired temperature und pressure of either 
gas, one ean, with the help of such a plot, read off direetly the amount of adsorption for the particular 
sample of adsorbent represented by the curve. 

Othmer and Josefowits have greatly simplified caleulations with the Polanyi equation by con- 
structing a suitable nomugraph that is sufliciently accurate for most praclical purposes (29). It is 
particularly useful in determining adsorption isothernis at differeut temperatures when data at only 
one temperature are available. Its construction is based ou the assumption that over a considerable 
temperature range fur a given volume of gas adsorbed, the Polanyi free energy term, RT In (Po/P), 
is constant. The nomograph is shown in Figure 8. Its operation is as follows: Tf a straight line is 
drawn from the adsorption pressure value P on seale D to the saturation vapor pressure, P, on scale 
C, it will intersect reference seale M. A straight line from this point of intersection through the 
temperature & on scale B will give n value for the free energy term — AF 2 A In (Po/P:) on seale A, 
Finally, reversing the process, a straight line from the — AF value on seale À through the new tem- 
perature, & (scale B), at which one wishes to find the adsorption pressure, gives another intersection 
point on seale M. A straight line through this intersection and the vapor pressure of the pure 
material, Py’ at the new temperature i, will give on seale D the adsorption pressure P; corresponding 
to the same adsorption (that is, concentration of adsorbate on adsorbent) ab temperature ts as was 
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originally at pressure P, and temperature ἃ. An example of the reverse process is indicated in the 
caption for Figure 8. (It will be noted that, for most uses when the value of the free energy change is 
not required, it need not be read from seale A, which thus becomes merely a transfer or pivot line.) 
The same result can be obtained by equating the Polanyi free energy equations for the two tempera- 
tures: 2t(t) + 273) n (P/P) = Ri: + 273) In (Po'/ Pe), and solving for Ps. 


D 


M 








- ÀF, kdocatories per gram-mele 


EQUILIBRIUM ADSORBATE PRESSURE, mm. Hg 


VAPOR PRESSURE OF ADSORBATE, mm Hz 





Fig, 8. Nomograph for adsorption calculations (29). 


For estimating adsorption at one temperature from that at another, the Polanyi equation is 
ordinarily used, However, a more accurate and simple method has been suggested by Othmer and 
Sawyer (38), which serves as a general method of expression af adsorption data, pressures, tempera- 
tures, and concentrations, Just as the logarithm of the vapor pressure of any liquid gives a straight 
line when plotted against the logarithm of the vapor pressure of a reference liquid at the same tem- 
perature, so the log P, of an adsorption system will give a straight line when plotted against the 
logarithm of the vapor pressure, Pa, of.a reference substance. (Frequently it is convenient to use 
Po, the normal vapor pressure of the pure liquid to be adsorbed, as the reference.) Furthermore, the 
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slope of this logarithmic plot is Q/Z, where Q is the heat of adsorption, and L is the molal heat of 
vaporization of the reference substance; thus: log, = Q/LlogP: + & Teach straight line 
corresponds to & given amount of gas adsorbed per unit of adsorbent and is, therefore, an isostero. 
A typical set of such isostercs is shown in Figure 9 for the adsorption of n-hexane on activated carbon; 
acetone is used as a reference substance, The steps used for such a plot are as follows: (1) Ona 
sheet of standard logarithmic paper the temperatures are indicated corresponding to the vapor 
pressures of acetone taken along the x axis. (2) Ordinates corresponding to these temperatures are 
drawn. (8) Values of the data of equilibrium adsorption pressures are plotted on these temperature 
ordinates according to the logarithmic calibration of the y axis, nnd the lines are drawn connecting 
these points. For scores of systems plotted, the lines are always straight. 
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Fig. 9. Othmer plot of the adsorption of n-hexane on charcoal (38). 


From the slopes of these isosteres Q/L and a knowledge of L can be obtained values for Q, the 
heat of adsorption of one mole of the substance at the given concentration of adsorbate on the solid. 
Othmer and his co-workers have found in an extended sories of experiments that Q, obtained in this 
way, is in good agreement with values measured calorimetrically. They have also described a 
rapid convenient technique for measuring the adsorption of vapors on porous solids. 

Other adsorption equations that are less frequently used have been derived but will not be 
discussed here because of space limitation. The reader will find a complete discussion of these in 
Brunauer's book (5). 

Very little work has been done on the extent of adsorption from gaseous mixtures except in 
those instances in which the adsorption of all but one of the gaseous components is negligible., If 
more than one component may be adsorbed, the only sure guide is the measurement of the actual 
adsorption characteristics of the particular mixture that is to be used. 
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Uses. Quite apart from the direct use of adsorption in industry (see “Apphea- 
tions," page 231) there are tivo principal uses for physical adsorption measurements: 
(a) the measurement of the surface area of porous or finely divided solids, and (b) 
the estimation of the pore distribution of catalysts and adsorbents. In addition, 
one very extraordinary type of adsorbent should perhaps be mentioned. Barrer (1) 
has shown that by carefully dehydrating chabazite it is possible to produce a 
material having such small pores ag Lo permit the practical utilization of a sereening 
effect to adsorb some molecules without adsorbing those that are slightly larger. 
For example, he claims that it is 


10 . 
| possible to ει 





dsorh the normal hy- 


Adsorption of mlrogen at. -1837C on drocarbons through Cs without per- 
e 8 ; 4898 ams fiit Μη N n 
. l Unpromotect Fe catalyst 973 per 4890 gram mitting the adsorption of appre- 
2 AIO, promoted Fe catalyst 424. per 43 £ prams . a ο 
3 M,03—K,0 prumoted Fe catalyst : ciable quantities of the branched- 
958 per 54.5 grams ‘ leno; DL . "la ΜΝ 
g |— 4 Fused Cu catalyst per 550.0 grams ; | chain hydr ocarbons. The latter 


5 €r,05 cel per 1.09 grams have a slightly larger cross section 
6 S10, gel per 0.606 gram 


than the normal moleeules and are 
unahle to penetrate the very tiny 
pores that are formed in the chab- 


Èg azite by careful delydration. This 
κ adsorbent might be useful for cer- 
= tain gas-separalion processes for 
Σ whieh no other solution uppears 
i possible, although it probably will 
> 4 not find wide application. 


(a) If one assumes that point, B, the 
beginning of the long linear part of the 
nitrogen isotherm in Figure 5, represents a 
monolayer of adsorbed nitrogen molecules, 
it becomes possible to estimate the surface 
area of the adsorbent by multiplying the 
number of molecules in this layer by the 
estimated cross-sectioual area of each 
molecule. This was done for a number of 
different. solids and yielded results that 

seemed to be reasonable and significant 
o 005 RELATIVE PRESSURE GP 025 0.30 (0). Values for the eross-sectional area 
of the nitrogen molecule were caleulated 
from the density of the solid and from the 
density of the liquid to be, respectively, 
13.7 and 16.2 square Angstrom units. 

To make the method more exact and more widely applicable, the use of equations (5), (6), and 
(0) is suggested (7). A plot of the lefi side of equation (6) against : has been found as a rule to be 
linear over the range 0.05 to 0.35 relative pressure. Examples of such plots are given in Figure 10. 
From the slope and the intercept of the plot, it is possible to evaluate the value of. V,, and of the 
constant C. Since the constant ( is related to the heat of adsorption, one ean also obtain an estimate 
of the heat of adsorption by inserting an appropriate value for the coefficient aibs/aan and the observed 
value of C. The coefficient was assumed in the original work to have a value of L. 

Table Í gives à comparison between the value of. V, obtained by the original point D" method 
and the value obtained by the linear plots according to equation (6), It is evident that for nitrogen 
isotherms, either method may be used to obtain an estimate of the surface area, 

For any gases other than nitrogen, the “poiut B” is much less distinct than it is for nitrogen. 
Accordingly, the use of equation (6) is recommended for those who bave to use other vapors than 








Fig. 10. Adsorption data according to the BET equa- 
tion for various adsorhents at —183?C. (7). 
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nitrogen for surface area measurements. Equation (9) may be used for estimating the size of a 
molecule from the density of the liquid or solid form of the adsorbate: 





M “fa 
Area per molecule = (0.860 s — ϱ 
p ο τν; | ©) 


where M is the molecular weight, A is Avogadro's number, and D is the density of the liquid or solid 
adsorbate. By measuring the adsorption of suitable vapors on finely divided or porous solids in 
standard adsorption apparatus, it is possible, then, to estimate Lhe surface area of the mulerial, 


TABLE [. Volume of Adsorbed Nitrogen in a Monolayer on Various Adsorhents.” 











Volume, Volume at 
Adsorbent Vy eu. en. point B, tuem. 

per gram per gran 
Unpromoted Fe catalyst 973 I 0.18 0.12 
Unpromotec I'e catalyst 973 IT 0.29 0.27 
Fe-ALbO; eatalyst 054 2.86 3,78 
Fe-AlO; catalyst 424 2.23 2.09 
Fe-ALO;-K20 catalyst 931 0.81 0.76 
Fe-AbLO; catalyst 958 0.56 0.55 
Fe-E3O0 catalyst 930 0.14 0,12 
Fused Cu catalyst 0.05 0.05 
Commercial Cu catalyst 0.00 0.10 
Cr»Os gel 53.3 50.5 
CrO; glower 6.00 6.14 
Silica gel 116.2 127.0 








* The values shown in columns 2 and 3 were obtained from nitrogen adsorption isotherms at 
about —195*C. 
Source: reference (12). 


Space does not permit the inclusion of all of the evidence that has accumulated to strengthen 
the belief that with the help of equations (6) and (7) and the choice of the right gas as adsorbate, it, is 
‘actually possible to obtain a value for the surface area of a solid that is accurale to perhaps 5% asa 
relative value in eomparison with other solids, and to 25% as an absolute value. Actually, com- 
parisons with every other method for measuring surface arcas appears to confirm the validity of the 
method making use of equation (6) (11,25,26). Only one type of confirmation will be mentioned, 
Harkins dnd Jura measured the surface area of some fincly divided titanium dioxide by an entirely 
different and independent method (36). They first caused sufficient water vapor to be adsorbed on 
nonporous titanium dioxide powder to form about five statistical layers. Then they measured the 
heat of immersion in liquid water of this powder surrounded hy its envelope of adsorbed water vapor. 
The heat evolved divided hy the quantity of heat known to he eyuivalent {o the disappearance of 1 
sq.em. of the surface of liquid water gave a value for the surface area of tho solid. The value so 
obtained, 13.8 sq. meters per gram, agreed exactly with the value obtained by the use of equation (6), 
if 16.1 sq. A. is taken as the cross-sectional area of the nitrogen molecule, Harkins and Jura also found 
(25) that if the nitrogen adsorption data were plotted according to the equation: 
A 
log (P/P) — B — (10) 
a straight line is obtained extending frequently (rom 0.05 to as high as 0.7 relative pressure. They 
further discovered that the surface area of the various samples as determined by tbe BET equation or 
by the heat of immersion method appeared to be related to the slope, S, of the plat of equation (10), 
according to the equation: 


Area = h(S)'2 (11) 


where k isa constant that has to be evaluated by some independent method for each adsorbate used, 
For nitrogen, they [ound by use of their absolute surface area value for titanium dioxide, that the 
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value of k was 4.06. Constants for other adsorbates have included 18.6 for butane, 16.9 for heptane, 
and 3.83 for water vapor. Accordingly, an alternate method of measuring surface arca consists in 
plotting the adsorption data according to equation (10) and in using the slope of the straight line 
portion of the plot with the appropriate value of the constant & in equation (11) to calculate the 
surface area. Fortunately, these two methods for measuring surface areas in general agree very well 
with each other. [or example, for six nonporous solids, titanium dioxide (I and II), silicon dioxide, 
barium sulfate, zirconium silicate, and titanium aluminum oxide (TiO«. AO), the areas obtained from 
nitrogen adsorption by the BET method, were 13.8, 8.6, 2.4, 3.2, 2.8, and 9.5 sq. meters per gram, 
respectively, and by Harkins and Jura method using equations (10) and (11) were 13.8, 8.7, 3.2, 2.4, 
2.9, and 9.6, respectively. 

The only adsorbents for which S-shaped isotherms, of the type shown in Figure 2, are not 
obtained are those having a large number of very smal! pores, Such adsorbents may have adsorption 
isotherms of the types illustrated iu Figure 6. For isotherms of the type illustrated by this Figure, 
it is believed that the application of equation (7) with appropriate values of x (30) will yield as 
satisfactory a value of the surface area as it is now possible to obtain for solids containing such very 
small pores, For isotherms of the type 
illustrated by ligure 11. the regular 
BET or Harkins and Jura plots may be 
used, since only the lower part of the 
isotherms is important to surface area 
measurements. 

(b) The measurement of the pore 
distribution of solids is in & much less 
satisfactory state at the present time 
than is the measurement of surface 
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Fig. 11. Adsorption of nitrogen by porous glass at average pore size and the pore distri- 
—195^C. bution. By assuming the capillaries 


are cylindrical, one can calculate the 
average pore radius, 7, from the surface aroa, S, aud the pore volume, V, by the equation: 


r = 2V/S (12) 


Tor example, for the isotherm shown in Figure 9 for porous glass, the pore volume appears to be 0.184 
Gu.em. per gram and the area, 121 X 10! sq.cm. "The average radius would, therefore, calculate 
out to be 30.2 A. 

Kelvin (42) showed that in cracks and erevices of a solid, a gas should condense to a liquid phase 
at pressures well below those required to liquefy the gas. For cylindrical capillaries his equation 
may be written: 

In (P/P,) = — 2220088 (18) 

"ΒΤ 

where P/Po is the relative pressure as already defined, e is the surface tension of the normal liquid 
adsorbate, © is the angle of wetting, 7 is the radius of curvature of the meniscus in the capillary, 2 is 
the gas constant, T ìs the absolute temperature, and V is the molal volume of the liquefied adsorbate. 
The application of this equation 10 an isotherm of the type showa in Figure 11 ¢o obtain an exact 
pore distribution is fraught with many difficultics (18). In the first place, it is not clear whether 
the equation should be applied to the adsorption or the desorption curve. Secondly, even if this 
were known, it would still be necessary to ascertain the part of any change in volume AV occurring 
over à, pressure change AP that is due to à change in the amount of multilayer adsorption, and the 
part that is due to capillary condensation. Finally, a decision must be made as to whether the 
radius of curvature of the meniscus should be considered as representing the true radius of the capil- 
lary, or whether it should represent the radius of the capillary that is left after the proper number of 
statistical multilayers are assumed to be deposited on the wall of the true capillary. Up to the 
present, no entirely satisfactory resolution of all of these difficulties has been made, though progress 
has been indicated by Wheeler (3). 
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In spite of the difficulty of getting a reliable pore distribution from an adsorption isotherm at 
the present time, certain semiquantitative conclusions can be made about the pore size in some eases. 
Cohan (9) has pointed out that for a large number of adsorbents and adsorbates, the lower limit of the 
relative pressure at which the adsorption and desorption curves join (point h in Fig. 11) calculates 
out by the Kelvin equation tọ yield an r of not less than two molecular diameters. If then, an 
adsorption isotherm for nitrogen is obtained that has substantially no increase in adsorption at a 
pressure in the range 0.35 to 0.99, it would indieate that there are no eapillaries present having radii 
between about 10 A. and the size corresponding to a relative pressure of 0.99 (about 2000 À.). Οαρ!]- 
laries larger than this latter size might of course be present. Such reasoning, for example, leads to 
the conclusion that most of the adsorptive surface of charcoals is located in pores smaller than 10 A. 
in radius. If the relative pressure, above which the adsorption ceases to increase, is higher than 
0.35, an estimate for the upper limit of the pore size ean still he obtained by calculating r for the 
beginning of the flat part of the curve from equation (13). 

In all calculations mentioned in this section so far, it has been assumed that the solid is com- 
pletely wetted by the adsorbate and that, therefore, © is zero and cos 9 is unity, This is still a final 
uncertainty that must attach ifself to the general use of the Kelvin equation for caleulating pore 
distributions. 

The pore distribution that is needed for adsorbents for removing vapors from gas streams may 
be stated very briefly. The adsorbent, which must have a sufficiently large saturation adsorption 
value for the particular gas mixture used, must also have cnough large pores to permit the rate of 
adsorption to be satisfactorily large. Usually, however, any commercial adsorbent will probably 
have enough big. pores to assure a sufficiently high rate of adsorption, provided it has been activated 
to the point at which it has a sufficiently high pore volume. 


CHEMICAL ADSORPTION 


Numcrous examples of chemical adsorption might be given, but the example 
cited above, the adsorption of nitrogen ou iron catalysts (13), should make the 
meaning of the term clear. The adsorption of nitrogen by iron is in line with the 
fact that, at sufficiently high pressures (5000 atmospheres at 450°C.), iran can form 
with nitrogen a stable compound, Fe4N (20). Thus, the chemical adsorption of 
nitrogen at one atmospheric pressure on iron might be looked upon as the chemical 
reaction of nitrogen with the outermost layer of atoms under such pressure condi- 
tions as preclude the formation of a stable iron nitride phase. 

Chemical adsorption is of technical interest mostly because of its relation to 
catalysis (g.v.). Ordinarily, at least one of the substances entering into a catalytic 
reaction will, at the temperature of operation, be held on the catalyst by chemical 
adsorption. A number of exceptions to this rule, however, appear to exist. For 
example, no one has reported the detection of any chemical adsorption of hydro- 
carbons on cracking catalysts at or below the temperature of operation, and yet the 
cracking of hydrocarbons on certain catalysts proceeds at a rapid rate. Accord- 
ingly, the art of selecting catalysts for a reaction must depend much more upon 
selecting the catalysts according to certain empirical rules, and then determining 
their activity under simulated operating conditions, than by ascertaining which 
catalysts will cause the chemical adsorption of the various reaction componenis. 

Chemical adsorption usually should be avoided in applications that call for 
physical adsorption either industrially or for surface area or for distribution meas- 
urements. ‘The existence of a layer of chemically bound material on the surface of 
an adsorbent having very fine pores may easily alter the pore distribution and, thus, 
may very materially alter the physical adsorption characteristics of a solid. 

One of the few uses to which chemical adsorption can be put has been discovered 
within the last few years. In a study of synthetic-ammonia catalysts, Emmett and 
Brunauer (15) found that at —195?C., carbon monoxide was instantly adsorbed 
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chemically on the iron atoms of the catalyst. On the other hand, at —78°C. carbon 
dioxide was apparently instantly chemically adsorbed on the KeO-AlOs promoter 
molecules of the catalyst. From such experiments it was established that 1 or 2% 
of the promoter was capable of covering 50 to 75% of the catalyst surface. This 
helped to explain why only a few per cent of a promoter might have such a marked 
effect on the catalytic activity. In an analogous manner, it may be possible to 
determine the nature of the surface components of any catalyst or other solid 
material. The particular choice of gas for sueh purpose will have to be determined 
for the partieular solid that is to be studied. 


Adsorption of Liquids on Solids 


A cursory study of the literature will reveal that the theory of adsorption of 
liquids on solids is very much Iess completely worked out than is the theory for 
adsorption of gases and vapors by solids. This is doubtless due to many factors 
that, make the study of such phenomena in solution much more difficult to interpret 
with certainty than similar adsorption from the gas phase. To mention only one of 
these, adsorption from solution always involves a competition between at least two 
adsorbates, the solvent and one or more solutes. Like the adsorption of gaseous 
mixtures, it is not very well understood. The empirical nature of most of our in- 
formation about adsorption from solution is well illustrated by the following state- 
ment by Clark in 1945 (8) relative to the theory of chromatography, one of the 
principal fields of application of adsorption from solution: “It must be stated that 
up to the present, the chromatographie method has remained on a basis that is 
largely empirical. If one wishes to separate a new mixture, there are almost no 
guiding principles of theory to assist in the selection of the adsorbent, the solvent, 
or the eluant, and if the mixture has no discernible features of analogy with mixtures 
previously studied, one must resort to trial and error." 

In view of the incompleteness of the theoretical treatment that has been given 
adsorption from solution up to the present time, it seems worthwhile merely to 
enumerate a few generalizations relative to the characteristics of such systems. 
Much of the material for this summary has been taken from Freundlich (21), since 
no comprehensive summary appears to have been written since that time. 


Variation of Adsorption with Concentration of Solute. At low concentrations of dissolved ma- 
terials, it is usually found that the amount of adsorption varies with the concentration of the dissulved 
substance according to the Freundlich equation (1) for solutions: 


N/M = kl (14) 


where X is the amount of solute adsorhed on Af grams of the adsorbent when present at the concen- 
tration Cin the solution. band n are constants. The value of n is usually between about 0.1 and 
0.5. 

At higher concentrations, this equation no longer applies. As a matter of fact, frequently the 
adsorption of the solute goes through a. maximum and then decreases and becomes negative. The 
manner in which the amount of adsorption varies with concentrations is well illustrated by the 
adsorption isotherms shown in ligure 12. For each of the adsorbents, ethyl aleohol is adsorbed from a 
benzene solution at low concentration; the adsorption of ethyl alcohol ut higher concentrations 
reaches a maximum, decreases to zero, and then becomes negative. Similarly, at low concentrations 
of benzene in ethyl alcohol, a preferential adsorption of benzene occurs, which increases to n maximum, 
passes through zero, and then becomes negative. Tt is probable that many of the examples that have 
been studied would have followed this course if they had been carried over sufficiently large ranges of 
concentrations, 
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Rate of Adsorption. Frequently, it is stated that all adsorption processes other than chemical 
adsorption ave practically instantaneous. Such a statement is net far from the truth for physical 
adsorption of gases and vapors on solid adsorbents. For exumple, in gas masks it is not uncommon 
for tests to show that a poison gus is completely removed during the passage through the mask of air 
at a rate corresponding to only a small fraction of a seeond time of contact. For adsorption from 
solution, however, no such rapidity is to he expected. If, for example, a finely divided sample of 
activated carhon is added to a solution for the purpose of decolorizing it, a considerable "sphere of 
activity” uround each of the partieles must be swept out. before the decoloration is complete. This 
means either that the adsorbate material lias to cliffuse from the outermost regions of this sphere of 
influence to the carbon partiele or that the latter, by suitable stirring and agitation, must eventually 
he driven through the entire region so as to give all the coloring matter u chance to come in contact 
with the carbon particles, A typical curve illustrating the removal of an impurity hy activated carbon 
from a solution is shown in Figure 138. Accordingly, it. may be stated that the rate of adsorption from 
solution will, in general, be very much less than the rate of physical adsorption from the gas phase. 
The viscosity of the solution must, of necessity, be an imporlant factor in. determining the rate of 
solution. Perhaps the decrease of viscosity with increase of temperature is the chief reason why the 
decolorizing of solution by adsorbents is usually carried out at an elevated temperature (27). 
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Fig. 12. Preferential adsorption of ethy] aleohol from 


STIRRING TIME, minutes 
benzene as function of charcoal treatment. 


Fig. 18. Typical curve repre- 


Chareoal activated in an oxidizing atmosphere at senting the removal, as a function of 
25°C). (ow temperature), 400°C. (medium temperature), time, by a Solid adsorbent of an im- 
and 1000°C, (high temperature) (2), purity in a solution (27). 


Influence of the Adsorbent on Adsorption from Solution. Because of the [act that the adsorbate 
has to move through n more or less viscous solvent to reach the surface of the adsorbent when the 
process is taking place in solution, the characteristics of the adsorbent that will be effective in solution 
are quite different from those of the adsorbent that are to be used for gas-phase adsorption. l'or the 
latter process, one usually passes vapors or gases over a stationary led of the adsorlent. Henee, the 
particles must be hard and capable of withstanding abrasion; they must also be comparatively 
dense, because adsorption per volume of adsorbent and nol. per weight of adsorbent will be important, 
High sorption capacity resulting from a large “inner surface” is very important for adsorption for the 
gas phase; the capillaries may be of almust any size consistent with high internal area, provided 
they are large enough td permit the adsorbate molecules to enter. Typical adsorption charenals are 
believed to have a large part of their internal surface along cupillaries no more than 20 A. in diameter. 
These small capillaries are usualy connected, in a good adsorbent, hy a network of capillaries that 
are sufficiently large to permit ready access of the gases or vapors to be adsorbed, On the other hand, 
adsorbents for use in solutions operate primarily by the external surface that is exposed. Tf any of the 
inner surfuce is to he made available, it must be accessible through eapillaries that are larger than 
those essential to rapid gas adsorption. Diffusion of the adsorbate to the immer surface will occur 
comparatively slowly through the solvent and will he extremely slow through small capillaries, 
Furthermore, the physical strength of the adsorbent is much less important for adsorption from 
solutions than for adsorption from the vapor phase. Indeed, if the adsorption process is a batch 
process in which the adsorbent, is added to the solution, and then after stirring is filtered out, the ad- 
sorbent may be comparatively soft. 
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It frequently happens that adsorption from solution is rather nonspecific. The adsorption, 
for example, of substances A, B, and C will have the same ratio ou many different adsorbents. Thus, 
Michaelis nnd Rona (36) found that on blood-chareo:l, tale, und sulfur, the order of adsorption was n- 
oetyl alcohol, sec-octyl alcohol, n-heptyl alcohol, tributyrin, and acetone. Again, the ratios of n-octyl 
aleohol, n-heptyl alevhol, and tributyrin adsorbed on charcoal to that adsorbed on tale at room 
temperature, are 420, 590, und 460, respectively. In other words, the adsorption on the charcoal for 
each of these adsorbates was about 500 times as great as on tale. 

This apparent nouspecificity of adsorbents in adsorption from solution is in good agreement with 
one theory of adsorption from solution that postulates that the funetion of the solid is to provide a 
large interface at which adsorption can take place, rather than to exhibit any specific action on the 
adsorbate, Since very little information is available relative to the value of the interfacial tension 
between liquids and solids, it has become eustomary to use the solvent-air surface tension in place of 
the solid-liquid interfacial tension in such considerations. In line with this theory, dyes are more 
extensively adsorbed from water by charcoal than from alcoholic solutions. Water has a higher 
surface tension against sir then does aleohol; it is probable, accordingly, that the lowering of the sur- 
face tension by the dye will be greater from water than from alcohol. As Glasstone (28) points out, 
however, there ure exceptions to this convenient rule. For example, amyl alcohol has a greater effect 
than phenol in lowering the surface tension of water; nevertheless, phenol is more adsorbed from 
water solution by chareoal than is amy! alcohol. 

Data in the literature make it quite clear that few generalizations can be made as to the specific 
effects of solids on adsorption from solution. For example, silica gel is well recognized as a strong 
adsorber of water and of aleohols. Trom an alcohol-benzene solubion, it tends to adsorb alcohol 
preferentially, as shown in Figure 12. At all concentrations up to 80% of ethyl aleohol in benzene, 
the alcohol is preferentially adsorbed. In contrast to silica gel, activated carbon in its various forms 
is usually considered a poor adsorbent for water; in other words, it is usually classed as hydrophobic. 
Yet, as Bartell and Lloyd have shown, the hydrophobic and hydrophilic character of a carbon surface 
largely depend upon the nature of the surface complex present. By proper low-temperature oxidation 
of a chareoal surface by ozone, they have found it possible to make it nearly as hydrophilie as ailie: 
gel. In Figure 12 it will thus be noted that although the carbon surlace that contains only a small 
amount of complex shows a strong preferential adsorption for benzene and, therefore, may be culled 
organophilic and hydrophobic, the oxygen-treated surface is decidedly hydrophilic. Accordingly, 
no matter how useful the concept of interfacial tension may be in judging the effectiveness of ad- 
sorbents in solution, the possible influence of specific properties of the adsorbent. surface must not, 
be overlooked. 

Influence of the Solvent on Adsorption from Solution. The influence of the solvent upon adsorp- 
tion from solution becomes very marked, according to the hypothesis outlined above, to the effect 
that the function of the solid adsorbent is merely to provide a large liquid-solid interface, and that 
the amount of adsorption is determined merely by the interfacial tension or approximately by the 
surface tension of the solvent, According to this idea, for example, much greater adsorption will lake 
place on a variety of solids from aqueous than from organic solutions. In line with this, organic 
liquids can often be used to dissolve off material that has been adsorbed from an aqueous solution 
onto a solid adsorbent, this extraction being, of course, the reverse of the adsorption process. Table IL 
serves to illustrate this generalization in regard to the variation of adsorption with the nature of the 
solyent. 

Another rule relative to the influence of the nature of the solvent wus advanced hy Polanyi (40). 
He concluded that if “in one substance as solvent another substance is strongly adsorbed, the solvent 
itself when in solution will be weakly adsorbed and vice versa.” 

Influence of the Solute on the Adsorption from Solution. Tor solvents of approximately the 
same adsorhabilities, the concentrations of solutes required to cause a given amount of adsorption 
will, according to Freundlich (21), be in the same ratio as the solubilities of the solutes. He quotes | 
experiments of Lundelius (33) to illustrate the rule. The adsorption of iodine on chareoal from 
carbon disulfide, chloroform, and carbon tetrachloride was the same in amount when the concentra- 
tions were in the ratio 4.5:2:1; the solubilities in these three solvents nre in the ratio 4.8:1.8:1. 

Another well-known relation dealing with the influence of the solute is Traube’s rule (22). It 
states that “the adsorption of organic substances from aqueous solutions increases strongly and regu- 
larly aa we ascend on the homologous series.” ‘This behavior is illustrated by Table III. As is 
evident, the ratio of the concentration of a given member of the homologous series to that of the next 
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higher member required to give the same amount of adsorption on charenal is approximately con- 
stant, and equal to between 2 and about 8. This behavior is strikingly similar to the influence of these 
game solutes on the surface tension of water, and serve as an illustration of the importance of inter- 
facial tension in adsorption from solution. 


TABLE II. Adsorption on Blood-Charcoal in Various Solvents, at Room Temperature. 





Solvent Adsorbed substance mg.-mrlo pet a e oal 

Water Benzoic acid 3.27 
Benzene Benzoie acid 0.54 
Ethyl ether Benzoie acid 0.30 
Acetone . Benzoie acid 0.3 
Water Picric acid 1.31 
Ethyl alcohol Pieric acid 0.767. 
Benzene Pieric acid 0.486 
Water . Bromine 4.73 
Soned, sulfuric acid Bromine 2.48 
Ethyl ether Bromine 1.36 








Source: reference (21). 


The conclusion must not be drawn, however, that the relative adsorbability of different solutes 
can always be judged hy their effect on the surface tension of the gulyent. Some substances such as 
benzoic acid and succinic acid are adsorbed strongly even though they have only slight effect on the 
surface tension of water (21). Furthermore, the sugars are fairly well adsorbed in spite of the fact 
that they actually raise the surface tension of the solvent, water. As yet, no single theory has been 
developed that takes into account all of the many known facts concerning the influence of solutes 
upon adsorption from solution. 


TABLE III. Traube's Rule for the Adsorpiion of Fatty Acids by Blood-Charcoal (¢ = 25°C.). 





Gram-mole per liter in soln. 
for 1.26 mg.-rnole per gram 








Adgsorbed substance adsorbed on charcoul 
Formic acidic... ccc eee eee cee eee nnn 0.251 
Acelic acids... cee ee eee sat e evt en 0,169 
Propionic βοἰὰ......,.....ν...ν..νενέννννενν weer 0.056 
Butyric acid... .. cc. cece accents cease. 0.016 


Source: reference (21). 


The adsorption of electrolytes on solids is, in general, very much smaller than the adsorption of 
nonelectrolytes. Furthermore, the adsorption of acids is usually greater than the adsorption of salts. 
One ion of an electrolyte is frequently adsorbed more strongly than the other ion on certain adsorb- 
ents, Thus, in some cases, the cations in solution will be adsorbed more strongly than the anions; 
in other instances, the anions will be adsorbed the more strongly. This preferential ion adsorption is 
believed to be practically always an exchange adsorption in which either one of the ions of the ad- 
sorbent is displaced into the solution or an ion from some impurity on the adsorbent is displaced into 
the solution (21). Kaolin (28), for example, and the zeolites undergo base exchange in the course of 
which some of their own positive ions may be displaced by cations from solution (see Ion exchange). 
Chareoal permits this same preferential adsorption of cations, in some instances, but probably does 
so by virtue of some impurity on its surface giving an equivalent amount of cation to the solution. 

For further details as to the present status of knowledge as to the theory of adsorption from 
solution onto solids, the reader is referred to the numerous articles now appearing in the literature. 
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P. H. EMMETT 
ADSORPTION, INDUSTRIAL 


Controlling Factors, 224; Industrial Practices, 226; Applications, 231. 
In considering industrial adsorption, it is convenient to distinguish between 
static adsorption, in which the adsorbent and the gaseous or liquid phase containing 
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the adsorbate are stationary except for natural convection currents, and dynamic 
adsorption, in which the adsorbent is in coutact with a forced current of the ad- 
sorbate, either alone or mixed with negligibly adsorbed fluid. 

The equilibrium curves, isotherms, isobars, and isosteres, which have been dis- 
cussed in the previous article, refer to static adsorption; in practice, dynamic 
adsorption is never carried to equilibrium. 


DYNAMIC ADSORPTION 


In the case of dynamic adsorption, not only the amount of adsorbate held 
(concentration in the adsorbent), but also the adsorption eficicney must be con- 
sidered. Figure 1 is a typical dynamic adsorption curve showing the concentration 
of the adsorbate in the fluid versus the concentration in the adsorbent; the latter is 
of course a direct function of the time elapsed since the start-up of the run. At 
first, the adsorbate is completely removed 
but later, after a ecrtain concentration 





has been attained, the outlet concentra- 5 UM 
tion rises more or less abruptly until it 5 

finally becomes equal to that at the inlet z 15% » 
(point S). The adsorption efficiency is # z 
given by the ratio A B/AC between the 2 Ξ 
amount removed by the adsorbent and the £ 50% 2 
amount of adsorbate in the fluid before 4 E 
treatment; on Figure 1, it is plotted in 3 s 
dash line. At point S, the efficiency is z 255 € 
zero, equilibrium is attained and the cou- à B 

centration in the adsorbent reaches its | oume Break poim | . 


maximum, which correspouds to the equi- 
librium or saturation value under the con- 
ditions obtaining. Thus, the end points 
of all efficiency curves are determined by 
the equilibrium curves. 

For liquid-phase operation, instead of plotting concentration, it is more con- 
venient to consider the yield: this is normally the number of gallons of fluid passed 
per pound of adsorbent, although sugar refiners express it in terms of pounds of 
solid in solution treated per pound of adsorbent. 

Both the general shape and coordinate values of the curves shown in Figure 1 
may vary considerably with the system adsorbent-adsorbate considered. The 
break on the efficiency eurve ni&y be more or less sharp; in many cases, there may 
be no break at all, the efficiency curve decreasing continuously from an initial 
maximum. <A given adsorbent may, in: vapor-phase operation, present a good 
efficiency curve of the type shown and a lower and more rounded one for another 
adsorbate or in liquid-phase operation. It may be pointed out that equilibrium 
data are not directly applicable in industrial design, since they represent end-point 
values and do not give the rate of adsorption. In practice, the adsorber (the vessel 
containing the adgorbent) is taken off-stream when the efficiency has dropped to 
a determined value. Graphs such as Figure 1 are, therefore, the basis for plant 
design. 


à 0 
CONCENTRATION OF ADSORBATE IN ADSORBENT 


Fig. 1. Efficiency curve. 
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Controlling Factors 


In the design of an adsorption installation, the effects of many interdependent 
variables are to be taken into account and it may often be necessary to accept à com- 
promise on some points. Since all the variables affect the final results, it is neces- 
sary, for a statement of performance to mean anything, that the values of all vari- 
ables be specified. 

Temperature. Since at constant pressure, the amount adsorbed decreases when 
the temperature increases, raising the temperature will liberate the adsorbate 
(desorption). There are some exceptions to this general rule, but in such cases there 
is some evidence that this is due to the action of processes other than true adsorp- 
tion, such as chemical reaction, solid solution, dissociation, or cracking. For 
example, with hydrogen in the presence of metals or metallic oxides, the satura- 
tion value will increase with temperature within a certain range. Sugar refining 
with hone char can be improved by an increase in temperature within limits (see 
Sugar manufacture). In the decolorizing of lubricating oil, increasing the operating 
temperature will improve the yield, although possibilities in this respect are limited 
in practice by other effects, such as odor. It must be noted that in liquid-phase 
operation, whatever its effect on the saturation value, an increase in temperature 
will increase the rapidity with which this value is reached, owing to the consequent 
decrease in viscosity and increase in rate of diffusion. 

Iu dynamic adsorption, increasing the temperature will, as a general rule, not 
only decrease the saturation value but also the efficiency, The entire efficiency curve 
will become lower, the concentration corresponding to the break (break-point con- 
centration) will decrease, and the break will become less and less pronounced. Sub- 
stances are adsorbed above their critical temperature (gases) but considerably 
less than below (vapors). 

Density. At constant temperature, adsorption decreases with the deusity of 
the adsorbate or, if it is mixed with another fluid, with the adsorbate content of the 
fluid (pounds of adsorbate per pound of fluid). Reduction of density, either by 
evacuation or by means of a eurrent of gas containing none or little of the adsorbate, 
is, therefore, a means of desorption. In dynamic adsorption, a decrease in density 
will cause the break point to recede as well as the saturation point. 

Mesh Size. Although the granular dimensions of the adsorbent have no in- 
fluence on the saturation value, the mesh size may appreciably affect the efficiency. 
The efficiency before the break point may remain substantially the same, but the 
break-point concentration will decrease as the adsorbent becomes coarser. This 
effect increases with the coarseness. 

Bed Thickness. Both efficiency and break-point concentration will increase 
with bed thickness of the adsorbent, while the saturation or equilibrium value is, 
of course, not affected. This effect decreases as the bed becomes thicker, and there 
is s minimum thickness, variable with the rate of flow, below which there is no break 
point. 

Rate of Flow. Increasing the flow per pound of adsorbent will have the same 
general effect on the efficiency curve as does raising the temperature, although, of 
course, it docs not alter the equilibrium. It may be noted that, with the same 
adsorbent, when the bed thickness and the rate of flow per pound of adsorbent are 
both decided upon, the linear velocity is automatically fixed. 
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Heat Dissipation. If the heat evolved by adsorption is not removed, under 
certain conditions it may cause a temperature rise that will adversely affect the per- 
formance. In dynamic adsorption, part of the heat will raise the temperature of the 
fluid containing the substance and will be removed by the flow. If the fluid has a 
high specific heat, while its content of adsorbate is small, as is the case in liquid- 
phase operation, the temperature rise will be negligible; the same holds when the 
fluid is a compressed gas. In the case of liquid-phase operation, an amount of heat 
determined by the heat of wetting of the adsorbent will be liberated upon first con- 
tact with the liquid. For gases at atmospheric pressure the temperature rise is 
usually considerable, and the performance will depend upon the degree of insulation 
of the adsorber and upon whether or not the gas, which carries the adsorbate, the 
adsorbent, or both, is cooled. 

Nature of the Adsorbent. A few examples will serve to illustrate the impor- 
tance of this factor. For example, although activated carbon may show the same or 
even a greater saturation value for water vapor than does bauxite or silica gel, its 
efficiency is so poor that it is worthless as a des- 
iecant, On the other hand, with benzene vapor, 
although the maximum efficiencics for charcoal, 
silica gel, and activated alumina are about the 
same, the break-point concentration for carbon 
is over twice that for silica gel, and it is the lowest 
for activated alumina. 

Similar differencesin performance, according 
to the adsorbent used, occur in liquid-phase ad- 
sorption. For example, in sugar refining, bone 
char will give better decolorizing than bauxite for 
high-purity liquors. The relative positions and Fig.2. Decolorization curves for 
general shapes of the treated liquid curves are cigar liquor and amorphous petro- 
shown in continuous linesin Figure2. Thepoint latum. 
at which the two curves cross is beyond the 
point of usefulness of the charge of adsorbent. It will be seen that for the same 
total amount treated (0A), the colors will be the averages BC and DH, respectively. 
The positions of the curves and the results are reversed when the darker low-purity 
solutions are to be handled; the ash removal, however, is always more thorough 
with bauxite. Figure 2 also shows in dotted lines that bauxite is superior to fuller's 
earth for the decolorizing of an amorphous petrolatum. (Sce also Decolorization.) 

It is important to keep in mind that such terms as silica gel, clay, and activated 
carbon are merely expressions of general types, since each exists in numerous 
varieties, according to the mode of preparation; although called hy the same name, 
they may produce quite different results. 

Nature of Adsorbate. For a given adsorbent, the adsorbability of different 
substances may vary widely so that, in the presence of a mixture of substances, 
selective adsorption will oceur. Although at the beginning of the run several sub- 
stances may be adsorbed simultaneously, the less strongly held adsorbates will be 
displaced gradually and a more or less clear-cut segregation will be obtained, 
according to the relative densities of the substances in the mixture. If a mixture is 
passed slowly through a long bed of adsorbent for a limited time, the substances will 
be held in successive layers of the bed, the first layer containing the most adsorbable 
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substance (see Chromatography). I adsorption is allowed to continue further, the 
more strongly adsorbed substance will reach the next layers of the bed and cause 
desorption of the other substances until the bed eontains almost nothing but one 
adsorbate; the efficiency of adsorption for that substance will, of course, decrease 
as adsorption proceeds, For example, separate runs will show that the affinity of 
silica gel for water is greater than for benzene. When a moist, mixture of air and 
benzene is treated, the water adsorbed will gradually displace the benzene taken up 
at the beginning. With activated carbon, the situation is reversed. 


Industrial Practices 
ADSORPTION PROCESSES 


There are two industrial methods of treatment by adsorption. In the percola- 
lion process, the fluid from which one or several substances are to be removed is 
passed through a stationary bed of adsorbent in granular form, This is a bateh 
operation since the spent charge must be changed periodically. In the contact 
process, fines of the adsorbent are held in suspension in the fluid stream, from which 
they are separated by filtration after a sufficient time of contact. The adsorbent 
particles move up or down stream according to whether or not countereurrent flow 
is adopted. In the first ease, adsorption is dynamic, while in the second, it is static 
if there is no turbulence. Since the adsorbent is continuously fed to and removed 
from the fluid, the process is continuous. 

For vapor-phase adsorption the contact method has been virtually abandoned, 
mainly on account of the considerable loss of adsorbent and wearing of equipment 
by abrasion. In liquid-phase adsorption, generally speaking, the percolation 
method is used with high-priced adsorbents. The charge is periodically regenerated, 
the equipment for so doing being part of the installation. Although the fines in the 
contact process could also be regenerated, this is not usually done; hence, the 
adsorbents used in this process are usually low-priced materials, such as fuller’s 
earth. 

Regeneration or desorption (also termed activation, reactivation, or revivifica- 
tion) consists in removing the adsorbate from the adsorbent. In vapor-phase 
operation, this may be accomplished simply by means of a flow of hot gas that 
raises the vapor pressure of the adsorbate and carries away the vapors produced. 
The adsorbent is subsequently cooled before it is used again, either in open circuit 
with atmospherie air or in closed circuit through a fin-tube cooler with dry air. 
The first method is considerably simpler since no auxiliary equipment is required, 
but it will not permit as thorough cooling as the second method, because adsorption 
of humidity from the atmospheric air would occur if cooling were carried out as far. 

When the adsorbate is to be recovered, the adsorbent is steamed, und both 
steam and liberated adsorbate are led to a condenser. The adsorbent may be freed 
of adsorbed water by means of a flow of hot gas. However, if the substance to be 
adsorbed has a much greater affinity for the adsorbent than water has, damp 
adsorbent may be used, since during adsorplion the substance will drive out the 
water. The heat of desorption of the latter will compensate, to a great extent, the 
heat of adsorption of the substance, and the temperature rise will he limited. 

If the fluid treated or the adsorbate is flammable or explosive, it may be wise to 
carry out reactivation by means of an inert gas or by means of the same fluid as that 
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treated if it is in gaseous form or can be vaporized; in the latter case, regeneration 
must be effected in closed circuit through a condenser. 

In liquid-phase operation one or more extra operations are necessary. The 
adsorber must first be drained. It may then be desirable to wash the inside of the 
adsorber and the charge of adsorbent with a suitable solvent to remove the remaining 
fluid, which is subsequently recovered by distillation; the solvent, part of which is 
adsorbed while the rest is in excess, is removed by steam and recovered in à con- 
denser (see Solvent recovery); the adsorhed water and adsorbate are then driven off 
by application of heat. The thoroughness of desorption depends upon the time 
allowed for regeneration and the temperature. The time required may be reduced 
by increasing the rate of flow of the hot gas; the consideration of economy of 
operation will, however, limit possibilities in this respect. The temperature, which 
also controls the rapidity of desorption, must be sufficient to vaporize the adsorbate 
at the final low adsorbent concentration desired. If the adsorbate has a high boiling 
point, the required temperature may be so high that the adsorbent charge must be 
removed from the adsorber and caleined. This may impair the adsorbent aned in 
such a case the adsorbent cannot be reactivated. 

The force of adsorption that holds the adsorbate against the surface increases 
rapidly as the concentration in the adsorbent decreases; the heat and temperature 
of vaporization of the adsorbate and, therefore, the heat requirement per pound of 
substance desorbed increases as reactivation proceeds. Tor this reason, complete 
reactivation and recovery may prove uneconomical in practice. The figure to be 
considered is the financial recovery efficiency F rather than the operating efficiency 
of adsorption E. The two are related by the equation: 


ga t 

F = B 

r 

in which r is the selling price per gallon of substance to be recovered and z’ is the 
operating cost per gallon recovered, including amortization of equipment. Tt will be 
seen that the value of F depends on the commercial value of the substance; further- 
more, since r’ increases with W, there is a maxsimum value for the operating cfficieney, 
which depends upon the nature of the substance and the inlet concentration, The 
mere statement of operating cfficieney, although it may be impressive, means little 
from a commercial point of view. 


INDUSTRIAL EQUIPMENT 


Percolation operation will be continuous or intermittent according to whether 
the plant contains one or several adsorbers; in both cases, cooling after activation 
may be effected in closed or open circuit. 

If a single adsorber is provided, production is interrupted during the time re- 
quired for activation and cooling. The flow diagram for this type of apparatus is 
shown in Figure 8; the equipment that must be added for closed-circuit cooling after 
activation is represented by broken lines. In the arrangement shown, the same fan is 
used for adsorption and activation, so that the direction of flow is the same during 
both these operations. Counterflow activation would require a separate fan for 
adsorption. Two adsorbers, at least, are required for continuous operation. The 
flow diagram of a continuous-operation plant is shown in Figure 4. Again the 
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equipment that must be added for closed-circuit cooling is represented by broken 
lines, In the arrangement shown, the direction of flow is the same during adsorption 
and activation; reversing the adsorption fan or placing it at B instead of at A will, 
of course, provide counterflow activation, which is more efficient. Tigure 5 shows 
the drying of a compressed gas with closed- circuit activation. Figure 6 shows & 
liquid-phase percolation plant m which calcination outside the adsorber is required. 
‘Figure 7 shows the flow diagram of a contact installation. 
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INDUSTRIAL ADSORBENTS 


For ion-exchangers such as zeolites, whose action also involves chemical affinity, 
see lon exchange; Water, industrial, 

Fuller's earth is a natural adsorbent. It is a hydrated aluminum magnesium 
silicate, and a typical analysis is: S109, 5595; AlO; 1495; MgO, 7%; FeOs, 4%; 
CaO, 8%; alkalies, 2%; volatile matter, 15%. It is chemically neutral and its 
bulk density ranges between 28 and 34 lb. per cuft. depending upon mesh size 
und ore source. It will not swell when immersed in water. (See also Clays; 
Filtration.) 

Fuller’s earth, which is of sedimentary origin, is found in many parts of the 
world. The principal commercial deposits are found in England, France, Germany, 
and the United States. In the United States, Georgia, Florida, Texas, and Illinois 
are the principal producing states. Commercial. deposits are also worked in Cali- 
fornia, Colorado, Nevada, Tennessee, and Utah. The highest quality earths are 
found in the Georgia-Florida area. The stratum is usually 4 to 12 ft. in depth. 
Overburden ranges from 15 to 85 ft. and stripping and mining ave effected by con- 
ventional open-pit techniques. A few deposits are mined from tunnels and stopes. 
The crude material is soft and plastic and contains about 50% free moisture. It is 
processed by crushing in two stuges down to one-inch average particle size and then 
drying in rotary kilns at 300 to 750°. according to the desired residual free mois- 
ture content. The dried earth is then reduced to the desired mesh sizes by means 
of roll mills and sifters. The adsorptive capacity of Georgia-l'lorida may be en- 
hanced 20 to 30% for certain applications by subjecting the crushed, undried clay 
to extrusion; that is, by forcing through a die plate at high pressures. Periodical 
regeneration of fuller’s earth is done by heating in kilns of various types to a tem- 
perature of about 1000°F. Powdered fuller’s earth is usually not regenerated. 

Commercial grades contain 5 to 15% of volatile matter and range from coarsely 
meshed materials to finely divided powders. 

Activated clay (see Clays) is an acid-treated, natural clay, generally referred to 
as bentonite, and found mostly in Alabama, Mississippi, and Louisiana. Activated 
bentonite is mainly: SiO» about 56%; AlO, about 14%; MgO, about 4%; 
Fe.Os, about 2.5%; and small quantities of other oxides. 

For activation, a mineral acid is added to a thick slurry of raw clay and water 
heated by live steam to a temperature of about 150°F. The time of contact varies 
from about 2 to 6 hours according to the acid used (usually sulfuric or hydrochloric). 
The clay is then separated from the acid mixture by filtration, washed with water, 
and dried. 

Activated clay is not available commercially in granular form, so that it cannot 
be used in the percolation process. It is not regenerated and, owing to the cost of 
activation, it is considerably higher in price than fuller’s earth. However, its 
bleaching power is, in general, much greater than that of natural clay. Like the 
natural clay, activated clay is hygroscopie, but unlike fuller's earth it is not neutral 
as it contains variable amounts of residual acid and acid salts. "The bulk density 
varies from 45 to 62 Ib. per cu.ft. 

Bone char results from the carbonization of bones in the absence of air. Before 
carbonization, fats, oils, and cartilaginous matter are extracted by solvents from 
the bones and recovered. Carbouization is carried out in about 8 hours at about 
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1500^F.; the amount of ehar produced is about 60% of the charge. Combustible 
gas, ammonia, bone oil, and tar are recovered as by-products of this operation. 
After carbonization the char is cooled, erushed, and screened. 

The exact composition of bone char is quite variable but the average is: Car 
(POs 75%; CaCO, 6%; C, 10%; N, 1%. Small amounts of calcium and iron 
oxides and calcium sulfate, as well as insoluble ash, are also present. ‘The char pre- 
sents the same cellular structure possessed by the original bones. Most of the car- 
bon, which is produced from organic matter during the carbonization stage, is finely 
dispersed in the form of a thin coating on the highly porous structure of caletum ` 
phosphate and carbonate. It is generally agreed that in sugar refining the carbon 
eoating does the decolorizing and that ash removal is eftected by the tricalcium 
phosphate carrier. Soft bones produce a more porous char although that obtained 
from hard bones is tougher and withstands handling betier in commercial use. 
New char is usually washed and “burned” at about. 1000?F. to eliminate residual 
ammonia, gas, salts, and organic impurities before it is first put into service. 

Periodical regeneration is done by washing the spent char with hot water, drying 
with waste gas, and burning at 1000 to 1200°F. to remove organic substances still 
remaining after wash. “Burning” is done in the absence of air in a set of vertical 
pipes heated from the outside aud through which the char passes by gravity; the 
lower part of the tubes, located outside the kiln, is air-cooled to reduce the 
temperature of the burned char. Further cooling with water, either by direct or 
indirect contact, is necessary, however, since the temperature should not exceed 
160°F. when the ehar is placed in the adsorbers, because of the considerable heat of 
wetting that is then liberated. The careful control of regeneration temperature is 
important, since overburning and local overheating will transform the calcium sul- 
fate iuto calcium sulfide and fuse the bone structure to a yariable degree. The burn- 
ing temperature also determines the pH of the char. 

With repeated use, the composition of the char will change and its density will 
increase from 40-45 to 60-75 lb. per cu.ft. The amounts of tricaleiuin phosphate, 
carbon, iron oxide, and calcium sulfate increase, while the calcium carbonate per- 
centage decreases. The carbon increase, which is due to reduction of adsorbed 
earbonaceous matter, is undesirable because this carbon has no decolorizing activity 
and merely clogs the pores of the char. It is periodically burned off in the presenee 
of air. This may be done by admitting air to the regeneration kiln, but better con- 
irol can be assured by means of a separate decarbonization kiln. 

Activated alumina is essentially a porous aluminum oxide prepared by gently 
heating hydrated alumina, which is obtained from the mineral bauxite by treatment 
with sodium hydroxide (Bayer process). Activated bauxite is obtained directly 
from certain bauxites by simple heat treatment: (see Aluminum compounds), 

Activated carbon is prepared from animal or vegetable organic substances that 
possess a fine structure and will, after carbonization, yield a porous carbon. How- 
ever, during the process of carbonization, volatile compounds are evolved whose 
dissociation produces tarry matter that will obstruct a large percentage of the pores 
and the object of activation is the removal of these substances by oxidation either 
during or after carbonization (see Carbon, activated). 

The adsorption characteristics of activated carbon depend considerably upon 
the mode and degree of activation but alsu, of course, on the raw material used: 
(coconut shell, peat, anthracite, etc.). For instance, tender woods will produce light 
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and friable carbon, which must be used cither in powder or agglomerated form, 
while hard woods will produce carbon in granular form, which will have entirely 
different characteristics. Bull density of 8 to 14 mesh ranges between 28 and 35 Ib. 
per cu.ft. according to manufacture. 


Applications 


Packaging (g.v.) and the drying of small volumes are virtually the only com- 
mercial applications of statie adsorption, but this field has developed greatly in 
recent years us à means of protecting precision instruments and other perishable 
goods against rust and mildew. Silica gel, activated bauxite, and activated alumina 
are used, and the relative humidity is usually maintained at 30% or less. 

Silica gel, activated alumina, and activated bauxite have very extensive 
application in the dehumidification of air and other gases at atmospherie or high 
pressure. Hxaimples inelude: air conditioning (g.v.); dehumidification of holds of 
cargo ships; drying of optical instruments; low-temperature drying of foodstuffs, 
drugs, and other materials; dry blast and controlled atinospheres in metallurgieal 
furnaces (see "Refining" under Metallurgy); dehumidifieation of air for wind tun- 
nels, and of compressed air for spray painting, pneumatie tools and motors, auto- 
matie control, ete.; certain chemical syntheses, such as phosphorus pentoxide and 
sodium monoxide; and elimination of gas hydrates from natural gas (see Gas, 
natural). These adsorbents are also efficiently used for the drying of liquids sueh as 
oils and hydrocarbous. 

Activated carbon is used on a large scale for solvent recovery (q.9.) in many 
industries; for example, dry cleaning (q.z.), rotogravure printing, and the manu- 
facture of acetate rayon, smokeless powder, and coated fabrics. Itisalso uscdin gas 
masks for protection against toxic gases (see Gas warfare; Safety); for odor removal in 
many plants, anc in theaters, railroad passenger cars, etc. (see Deodorization); for 
separation of precious metals from solutions; for decolorization (ῃ.Ρ.} in many 
fields; in the manufacture of certain medicinal preparations, such as strepto- 
mycin (q.v.), and for the removal of taste and odor from drinking water (see Wailer, 
municipal). Activated carbon and silica gel are used in the deodorization of eurbon 
dioxide (g.v.) from fermentation processes, and in the separation of helium-group 
gases (q.».). In sugar refining (see Sugar manufacture), bone char is extensively 
used. Activated carbon is used with beet and eorn sugars, and to some extent with 
cane sugar. Activated bauxite is also used in this field. Fuller’s earth, activated 
clay, and activated bauxite have many applications in the refining of petroleum 
products, and of vegetable and animal oils (see also Fats and fatty oils). Fuller's 
earth is also used as a diluent for insecticides such as DDT and as a dry bedding 
for domestic animals. 
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ADVANCE ALLOY. Seo 7ron alloys. 
AEGIRITE, (Ca,Na)(Mg,Fe,AD)SiOs. See Silica and silicates. 
AEROSOLS. See Colloids; Insecticides. 


AGAR 


Agar is a seaweed colloid (phycoeolloid) extracted from  Gelidvéum and other 
agarophytes, all belonging to the red algae (Rhodophyta). Jt is amorphous, and 
comes on the market as powder, flakes, rectangular blocks, and in bundles of slender 
strips. It is porous, translucent, membranous, faintly yellowish, brittle when dry, 
and tough when damp. Agar is also known ag agar-agar, the word being Malayan 
in origin. In Japan, it is called “kanten.” Its many synonyms, as appear on the 
European markets, include “Chinese moss,” “seaweed isinglass,” “Chinese isin- 
glass," "Japanese isingluss," “Chinese gelatin,” and ‘Japanese gelatin.” Sec also 
Seaweed colloids. 

In the form of a sweetened and sometimes flavored gel, agar has been used as a 
dessert by the Orientals for ages. In its dried form, agar has been known since the 
middle of the 17th century, when the process of purifying and drying agar in its 
present form was accidentally discovered by an innkeeper in Japan. Agar was 
introduced from China into Europe and America in the middle of the last century to 
serve primarily as a gelatin. substitute for making the jelly type of desserts. The 
idea of using agar as a solid bacteriological culture medium was first conceived by a 
German housewife, Frau Fanny Hilshemius Hesse, and tried successfully by her 
husband, a doctor. The discovery was passed to Robert Koch, who used this then 
unusual substance as the culture medium for his famous experiments on tuberculosis 
bacteria. In his now classical preliminary note on the tubercle bacillus published 
in 1882, Koch formally announced agar as a new solid culture medium. Since then, 
agar has become an indispensable substance in microbiological and public health 
laboratories (see Microorganisms), and an important colloid in food and other 
industries. |: 
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Chemical Nature 

Agar is the sulfuric ester of a linear galaetan. It consists of a long chain of v- 
galactopyranose residues, attached bhy 1,3-glycosidic linkages. This chain is termi- 
nated at the reducing eud by one residue of L-galactopyranose. Attached to the rest 
of the chain through carbon atom 4, this t-galactose residue is esterified at carbon 
atom 6 with sulfuric acid. There are probably as many as 53 galactose units to 
each SOH group, and at least 140 such units to each nonreducing end group. The 
constitution of the agar molecule may be represented by the following formula, as 
proposed by Jones and Peat (1942): 






- 





LOE Z2 


x 
o 


Agar 


In the natural state, agar occurs as n cell wall constituent of the agarophytes, 
probably existing in the form of its calcium salt or a mixture of calcium and mag- 
nesium salts. 

Properties and Reactions 

Agar is insoluble in cold water, but swells considerably, absorbing as much as 
twenty times its own weight of water, It dissolves readily in boiling water, and 
sets to a firm gel at concentrations as low as 0.5%. In its gellmg power, agar is 
outstanding among the colloids. Although a 1% agar sol solidifies at about 40°C., 
its gel does not melt until warmed to about 95? C., thus exhibiting a striking case of 
hysteresis. 

A 1% agur sol at neutrality has a viscosity of 1.26 relative to water, when 
measured by an Ostwald viscometer at 45°C, An agar sol is slightly negatively 
charged. Its stability depends upon two factors, hydration and electrie charge, 
the removal of both of which will result in flocculation of the agar. Agar gels, like 
other gels, exhibit the phenomenon of syneresis, shrinking and exuding some liquid 
from their surfaces upon standing. Agar from different sources shows different 
degrees of syncresis. ' 

Upon hydrolysis with 1% sulfuric cid solution, agar yields galactose, whieh re- 
duces Fehling’s solution, This distinguishes it from gelatin and isinglass, which it 
resembles in certain respects. Both gelatin and isinglass yield ammonia when heated 
with soda lime, whereas agar docs not. Like gelatin, a cold solution of agar gives a 
preeipitate with tannic acid. With thionine blue, agar gives a characteristic violet 
color while gelatin develops a bluish shade. 
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Sources 


The principal sources of agar are plants of the algal genus Gelidium. These 
are gathered from Japanese, Chinese, Californian, and Lower Californian waters. 
Since these plants grow must abundantly on rocks in water ten to forty or more feet 
deep, they have to be harvested by diving and hand-picking. Other important 
sources of agar are the red seaweeds Ahnfeltia from Sakhalin, Siberia, and the White 
Sca coast, Pterocladia from New Zealand, and Gracilaria from Australia, South 
Africa, and North Carolina and Florida in the United States. There are more than 
forty species of red algae used as secondary and supplementary raw materials in 
the manufacture of agar. 


Manufacture 
PRINCIPLE OF MANUFACTURE 


Commercial preparation of agar is based on the principle that it is soluble in 
hot but relatively insoluble in cold water. Agar is therefore extracted by boiling 
the agarophyte in water. The resulting liquor is filtered, and the filtrate eooled to 
form a gel, which is then cut or chopped in whatever form is desired. The cut or 
chopped gel is frozen by natural or artificial means, and the frozen mass thawed to 
free agar from salts and various impurities which ure soluble in cold water. The 
wet agar may be repeatedly washed with cold water, and is finally dried in the sun or 
by artificial heat. The product may be quite colorless if the agarophytes are sun- 
hleached prior to the processing. If uot, bleaching with a suitable agent, such as 
sodium hypochlorite, may be effected while the agar is still wet. 


JAPANESE PROCESS 


The original Japanese process depends entirely upon natural means and is still 
employed by the majority of Japanese agar firms. The agarophytes are generally 
cleaned and bleached before they are subjected to the extraction process. They are 
boiled with about fifty times their weight of water in an iron kettle. After about 5 
to 6 hours’ boiling with frequent stirring, oue part of sulfuric acid or ten parts of 
vinegar per thousand parts of the agarophytes is introduced to hasten their 
digestion. Boiling is continued for another half hour. The hot liquor is filtered 
through cloth and the filtered liquor collected in a large vat, then ladled out to 
wooden trays to gel. The jelly is cut into the desired shape, spread out on bamboo 
mats or on boards placed on elevated trestles outdoors. Complete freezing generally 
requires from 2 to 3 nights. Water crystallizes out during the freezing, and, when 
the frozen gel thaws, water runs out carrying with it the salts and other soluble 
impurities, thus leaving the agar in relatively pure condition. After thawing, the 
agar is left to dry in the sun. 


AMERICAN PROCESS 


In America (see Fig. 1) artificial means are utilized as extensively as possible. 
The sun-dried, unbleached Gelidium is thoroughly washed and soaked for 12 to 14 
hours. The ratio of fresh water added to the agarophyte is largely dependent upon 
its quality—usually one gallon per pound of seaweed. The washed and soaked 
Gelidium is transferred to pressure cookers and heated by steam at a pressure of 
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Fig. 1. American process of agar manufacture — plant flow sheet diagram (4). 
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about 15 p.s.i. The first cooking lasts for about 6 hours. The partly spent seaweed 
then receives two more extractions, 8 and 12 hours respectively, before being dis- 
carded. The third extract is usually very low in agar content, and is used in 
cooking fresh material. 

The extract is clarified with a filter-aid and forced through an ordinary filter 
press. The clear liquor is then poured into open tubs and allowed to gel at room 
temperatures. This generally takes a whole day. The gelis fed through a chopper 
into ice cans of 100-lb. capacity. These remain in the freezing room at a tempera- 
ture of 14°F. for about 2 days. The frozen gel is thawed in tanks at about 50°F. 
and then fed into a “dewaterer.” This is an ordinary rotary filter, which retains 
wet agar on the screen and removes by suction the washing water containing soluble 
impurities. 

The purified agar flakes, now containing about 90% moisture, are fed into a 
stack dryer where they are agitated by a blast of hot air heated to about 215?F. 
until the moisture content is reduced to about 85%. At this stage the partially 
dried flakes are light enough to be carried over the top of the stack and into the down 
pipe. The fakes are discharged into a sodium hypochlorite bleaching tank at room 
temperature. When the flakes are satisfactorily bleached, sodium sulfite solution 
is added to reduce the excess hypochlorite. The bleached agar is thoroughly 
washed and finally dehydrated in the stack dryers. This time lwo dryers are used, 
the first dchydrating the flakes to 35% and the second to less than 2095 moisture— 
the amount allowed by the U.S.P. XII. 

The dried agar flakes may be sacked for the market or may be furthet ground 
for special uses. The grinding is effocted by a swing-hammer mill equipped with a 
suction fan and cyclone collector. 


Production 


The world’s annual production of agar is about 6,000,000 Ib., about 90% of 
which comes from Japan, Production in the United States fluctuates considerably 
from year to year; the current annual production is about 200,000 lb. Russia 
produced 121,000 Ib. and China about, 75,000 lb. in 1936. During World War II, 
necessity forced several countries to prepare agar from local seaweeds. Conse- 
quently, Mexico, South Africa, Australia, and New Zealand have developed their 
own agar industries and are now producing sufficient quantities of agar for their own 
use. 


Grades and Specifications 


Being made in a few relatively modern factories, American agar is uniformly 
high in quality, and is therefore not graded. Japancse agar, on the other hand, is 
primarily a homemade product, and comes from hundreds of small and large fac- 
tories, most of which use rather crude and primitive methods. Consequently there 
is a considerable variation in the quality of Japanese agar. In 1939, the Japanese 
Association of Agar Manufacture was formed, and stipulations for agar inspection 
and grading were formulated. Agar was graded in accordance with its external 
appearance and its quality as judged by the gel strength of the product and by its 
content of crude protein and of hot-water residues, 
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The U.S.P., XIII, 1947, stipulates that agar contains not more than 1 per cent 
of foreign organie matter (pp. 710-11), and yields not more than 0.5 per cent of 
acid-insoluble ash and not more than 20 per cent of moisture when dried at 105°C. 

For bacteriological agar, the United States Army has its own specifications. 
In order to be acceptable, the agar should “have little or no color, odor, or taste”; 
it should “be clean and free of foreign matter”; it should ‘possess good water ab- 
sorbing and retentative properties" and should "be practically free of starch and 
neutral in reaction”; its insoluble matter should not exceed 0.1% by weight; and 
a1% gel of it should have a hard enough surface to “support a weight of 49.33 
grams per square cm. for two minutes” (7). 


Uses 


Agar is a valuable colloidal substance principally because of its strongly hydro- 
philic nature and its high gel-strength quality. Generally speaking, it is used 
where bulk is wanted, or where a suspending, stabilizing, thickening, or gelling 
agent is desired. 

Agar serves as an urticle of food in various Oriental preparations. It is well 
known in China as a substitute for the expensive ‘‘bird’s nest.” Being practically 
indigestible by man, it is commonly used as roughage, and in certain breakfast foods 
and special bakery products for laxative purposes. It is extensively employed in. 
making jellies and the jelly type of desserts, and in preparing confectioneries and 
marshmallows. It serves as a thickener in soups, sauces, and gravies, and as a 
stabilizer in icings, meringues, fillings, and salad dressings. Agar is useful in canning 
and preserving meat and poultry, and in making sausage casings. It also serves in 
stabilizing ices and sherbets, in making cream cheese of the Neufchátel type, and in 
preparing malted milk and acidophilus milk. 

Agar is commonly taken as a mechanical laxative, and is a constituent of 
petrolatum-agar emulsions, It is employed in making pills, capsules, ointments, 
tooth paste, and various pharmaccutical and cosmetic jellies and creams (see Cos- 
meties; Pharmaceuticals). Agar is the standard material in the preparation of solid 
microbiological culture media and is indispensable in the routine sanitary analyses of 
water and milk. In addition, agar serves in scientific laboratories as an embedding 
medium for microtome sectioning, as a vehicle in the standard Avena test for plant 
growth hormones, and as a coagulant for barium sulfate precipitation. In the electro- 
plating of lead, addition of small amounts of agar renders the disposition of lead most 
satisfactory, Agar is also used in certain hygrographs for measurement of high 
humidity. A system employing a calomel-saturated quinhydrone cell with an agar 
and potassium chloride bridge is quick, accurate, and convenient in the measurement 
of pH of soil samples. In agriculture, agar is useful as an insecticide activator and 
carrier, and in making coatings for nitrogen bacteria cultures. 

Agar is extensively used in prosthetic work (see Dental supplies). It is the 
basic material in most dental impression materials. In highly critical work, such as 
inlays and fixed bridges, agar-based compounds are almost the only materials em- 
ployed. Agar is an excellent suspending agent in wiredrawing lubricants, especially 
for tungsten wires for making electric bulbs. It is used in clarifying liquors such as 
sake and schnapps, in sizing paper and textiles, in the manufacture of submarine 
storage batteries, and in making backings for films and gelatinous rolls for hecto- 
graphs. l 


238 AGATE 


Before World War I, the United States used about 050,000 Ib. of agar annually. 
Of this, about. 100,000 lh, went to each of the following: laxatives, microbiological 
culture media, the bakery industry and the confectionery industry; 75,000 lb. to 
dental impression materials; 50,000 Ib. to meat packing and to emulsifiers; 25,000 lb. 
to cosmetics; auc 50,000 Ih. to miscellaneous uses. 
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AGATE, SiO, See Silicu and silicates. 

AGAVE. See Fibers, vegetable. 

AGAVOSE, CreHaOu. See Sugars. 

AGITATION. See Miring. 

AGLYCONES. See Cardiovascular agents; Glycosides. 

AGRICULTURAL CHEMICALS. Sece Fertilizers; Fungicides; Insecticides; Soil 
chemistry; Weed killers. 


AIR CONDITIONING 


Air conditioning, as defined by the American Society of Heating and Ventilating 
Engineers, is ‘the simultaneous control of all or at least the first three of those factors 
affecting both the physical and chemical conditions of the atmosphere within any 
structure, These factors include temperature, humidity, motion, distribution, dust, 
bacteria, odors and toxic gases...” 


Air conditioning is probably most. often thought of in terms of human comfort, although the 
art had its beginnings in the fick] of industrial processing, and it is in industry where its most signifi- 
cant developments have taken place. Although considered as one of the newer arts and sciences, 
air conditioning has been a practical industvial tool since about 1906. At about that time Wilis H. 
Carrier and Stewart W. Cramer developed, independently, two different systems of humidification 
and humidity control. Both of these were first applied to cotton mills. Each system provided 
means of humidity and temperature control, which had been wholly lacking in textile mills up to that 
time, Cramer, in his discussion of these applications, first suggested the term “air conditioning.” 
Dr. Carrier rapidiy extended the application of his processes to industries other than textiles, and 
into dchumidification and cooling, sinec this process readily lent itself to these adaptations. 

Since 1911, air conditioning has been a recognized branch of engineering, At that time, the 
American Society of Mechanical Enginecrs requested Dy. Carrier to prepare two papers on the 
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subject. One, entitled “Rational Psyehrometrie Tormulae— Their Relation to the Problems of 
Meteorology and of Air Conditioning," disclosed the results of some nine years of research and 
mathematical deductions involving psychrometrics, The second paper, “Aiv Conditioning Appa- 
ratus—Principles Governing Its Application and Operation,” undertook to describe the operation and 
design of practical air-conditioning systems. ‘The psyvhrometric chart presented in “Rational 
Psychrometrie Formulae” has served as a basis of all air-conditioning problems since its publication. 
The latest Currier psychrometric chart, a portion of which is given in Figure 1, refines some of the data 
in the original, making it more suitable for accurate scientific work, though the changes are not 
appreciable in ordinary engineering calculations. 

A significant change was brought about in 1922 by the application of industrial practices in air 
distribution aud equipment to the air conditioning of large mation-picture theatres. As a result, the 
development of air conditioning for human welfare and comfort made rapid strides during the next 
decade, and this led to the development of low-cost unitary equipment. 
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Fig. 1, Psychrometric chart. 


Tnereasing consideration is being given in industry to the evmfort, of workers, since studies show 
that the proper contre! of temperature, humidity, and sir purification in working areas results in 
higher production, reduced absenteeism, and improved personnel relations. 


Principles of Air Conditioning 


The art and science of air conditioning are based on the laws of thermodynamics. 
The air-conditioning industry has developed a specific branch of thermodynamics 
known as psychrometry, which relates the physical laws of air and water mixtures. 
Psychromeiric charts are widely used for the solution of air-conditioning problems. 
Such charts are published in various forms; one of the most widely used is reproduced 
in part in Figure 1. The dry-bulb temperature is plotted as abseiasa, the ordinate can 
be read as grains of moisture per pound of dry air (7000 grains — 1 1b), but the hori- 
zoutal lines also indicate lines of constant dewpoint. Sloping lines of constant wet-bulb 
temporature are ruled in; they represent, for all practical purposes, lines of constant 
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total heat and give the path followed ou cooling air by adiabatic evaporation, Con- 
stant relative humidity is represented by a series of curves, the last of which is the 
saturation linc. An example of a typical air-conditioning problem is shown in Figure 1. 
Similar psychromeiric charts are available for temperatures below 32?F., aud above 
120°F., and for pressures other than 29.92 in, 

Some of the more important terms are given below with their definitions as used 
in the air-conditioning industry: 


DRY-BULR TEMPERATURE —the temperalure as indicated by an unwetted thermometer, shielded from 
radiation, and free from moisture, 
Wur-BuLB TEMPERATURE-—he temperature as indicated by a thermometer the bulb of which is 
covered with a wick saturated with water (liquid or solid), and subjected 10 vigorous air circulation. 
This is, for all practical purposes, the temperature that results from adiabatically saturating the air, 
AnsonuTE iuMnprry —Che quantity of water vapor eoutained in à given volume, usually expressed in 
grains per Ib. or cu.ft, of dry air. 
` DEWPOINT TEMPERATURE —bho temperature al. which water vapor will begin to condense when the 
temperature of the air is lowered. 
RELATIVE WoMiprry—tbe ratio of the actual partial pressure of the water vapor in the air to the 
saturation pressure of water at the same dry-bulb temperature. 
SENnsIBLY HEar—heal that changes only the temperature of a space without changing ils absolute 
humidity. 
LATENT IEAT—heat that changes the absolute humidity of a space. 
Varor pressurs—the equilibrium pressure exerted by a vapor in contact with its liquid. 
DynUMIDIFICATION—conmonly used by the industry to denote removal of water vapor from air by 
condensation, whereby sensible and latent heat are simultancously removed. 


DeEnRyYDRaTIon—commonly used to indicate removal of water vapor from air by contaet with a solid 
or liquid that has affinity for water vapor. 


Air-Conditioning Systems 


Complete Air Conditioning. The most commonly known form of air conditioning 
is that designed to produce an atmospheric environment most conducive to human 
efficiency and comfort. The range of temperature and humidities required for this 
purpose, and for many industrial processes, is such that dehumidification is required. 
In many industries, the processing of hygroscopic materials demands close control of 
air conditions the year round, and may necessitate the addition of humidifieation. 
In most cases the spaces to be conditioned are occupied by people, so that outside air 
must be introdueed for ventilation, 

Figure 2 shows a typical year-round air-conditioning system. Outside air is 
drawn through a heating coil (preheater), and mixed with air returned from the con- 
ditioned space. The mixture is usually filtered before passing into a dehumidifier, 
which may be of several types. The air-washer type consists of & large nuniber of 
spray nozzles, which atomize cold water in the air stream. Eliminators are provided 
to prevent carry-over of free moisture into the fan and duct system. Another form of 
dehumidifier may be of the “capillary” or “surface” type, in which chilled water is 
sprayed over devices designed to provide contact surface, and through which the air is 
passed, Such devices may be cells packed with glass filameuts or other materials that 
provide large areas of contact surface. Both these types of dehumidifiers are referred 
to as “open-circuit” type because of the actual contact between water and air. 
“Closed-circuit?’ dehumidifiers are usually coils containing either chilled water or 
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another cooling medium. Air is dehumidified by eondeusation on the cold surfaces. 
The choice between open or closed circuits usually depends upon the hydraulie prob- 
lems presented, and is influenced hy consideration of cleaning and tanintenance 
problems due to contamination of air or water, which might aggravate corrosion of 
piping, pumps, and interchangers. Where a multiplicity of dehumidifiers is involved, 
especially on different levels, the closed-circuit type is usually selected because of the 
absence of return water flow problems. 

Air leaves the dehumidifier nearly saturated, and passes through a reheater 
(steam, clectric, or hot water) before being delivered by a fan and duct system. to the 
conditioned space. Reheaters may he utilized for control in winter and also in sum- 
mer, depending upon the particular requirements. Summer control is often provided 
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Fig. 2. Diagram of central-station system. 


by use of a by-pass, which admits conditioned room air directly to the fan inlet in 
proportions governed by thermostats. Fans employed are usually of the contrifugal 
type. In small systems up to approximately 10,000 ¢.f.n., multiple-fan wheels may be 
used, mounted on a common shaft. Such systems usually fall into the “unitary” 
class, where the fan, heater, and dehumidifying-coil components are furnished in 
factory-assembled units. Spray- or capillary-type dehumidifiers are usually utilized 
in field-assembled “central-statiou” type equipment with centrifugal blower fans. 

Refrigerating effect for such systems may be provided by well water, if available 
at suitable temperatures and in sufficient quantity, or hy refrigerating machines in 
conjunction with water chillers. Direct expansion systems are frequently used where 
the condensed refrigerant is permitted to expaud directly into a cooling coil over 
which the air is passed (sce Refrigeration). Such systems usually employ reciprocat- 
ing-type refrigerating machines in single or multiple units, depending upon the capacity 
required and the flexibility desired. 

Humidification for whiter operation is easily provided with either type of system. 
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With the air-washer or capillary type, the entering air or the sprayed water may be 
heated, subject to control cither by the dewpoint thermostat located in the discharge 
of the humidifier, or a humidistat located in the room. The spray-water heater may 
be of the conventional shell-and-tube type, in which steam is admitted to the shell, and 
the spray water passed through the tubes and thus kept separate from the condensate. 
Where large eapacitios are required, the ejector type of water heater may be advan- 
tageously used, wherein the steam is mixed with the water. The condensate is lost to 
the boiler, thus necessitating additional boiler-feed-water treatment, and there is the 
possibility of adding odors to the air stream; on the other hand, the equipment is 
small, simple, and quick in response to control. 

With (he uuit-type systems, humidification may be provided by the release of 
live, low-pressure steam into the air stream or by producing atomization of water with 
spray nozzles. Control is usually achieved with a humidistat that turns the nozzles on 
and off as required. Pan-type humidificrs are used where the required capacity is 
siuall, and consist of a shallow pan of water with float-valve eoutrol, with eleetrie- or 
stcam-heated surface submerged in the water. 

Humidification and Evaporative Cooling. ‘The range of temperatures and humidi- 
ties required for industrial and chemical processes is frequently such that evaporative- 
cooling systems may be employed. Particularly adapted to this type of installation are 
textile-manufacturing areas where concentrations of horsepower are heavy; the 
humidities required are 50% or higher, depending upon the particular operation. 

The general arrangement of apparatus for a central-station, evaporative-cooling 
installation 1s similar to that shown in Figure 2, except that spray water is continnously 
recirculated without chilling. When maximum cooling effect is required, all outside 
air is drawn into the spray chamber, where its moisture content is increased to close 
to the saturation point. No external transfer of heat occurs; the saturation takes 
place adiabatically. The wet-bulb temperature and total heat of the entering air 
remain the same, but the sensible heat of the air is transformed into latent heat to 
provide the heat of evaporation of the water taken up by the air. Air entering at 
95°F. dry bulb and 75°F. wet bulb (see Fig. 1) leaves the spray chamber at 76°F. 
dry bulb and 75°F, wet bulb (based on 95% washer efficiency). The air then absorbs 
the sensible heat in the room, and produces a room condition of 89° dry bulb and 65% 
relative humidity (absolute humidity remains constant if there are no sources of latent 
heat in the room). 

A thermostat in the spray chamber controls dampers that mix outside air and air 
returned from the conditioned space, so that the dewpoint may be held at a constant 
level during cool weather. Admission of steam to a spray-water heater is also con- 
trolled by this thermostat, so that the dewpoint may be maintained in cold weather. 
Air from the washer is passed through reheaters before it is discharged into the room 
by a system of duets and diffusing outlets. This system primarily gives control of 
humidity, since the temperature is permitted to rise when the wet bulb of the outside 
air excecds the desired room dewpoint. To illustrate, a textile mill may require 65% 
relative humidity. The temperature in the room would be approximately 89°F. with 
outdoor conditions of 95°F. dry bulb and 75°F. wet bulb. When the outdoor wet bulb 
is lower than 75°F, the indoor dry bulb may be correspondingly lower. If itis desired to 
hold the dry-bulb temperature at a constant level, it is necessary to provide a means of 
removing heat in the washer, in which case the system is similar to the central-station 
type shown in Figure 2. 
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Areas that require only humidity control, and where heat gains are small, can 
frequently utilize atomizing spray nozzles alone without mechanical ventilation. Such 
systems are frequently installed in tobacco and paper storage warehouses. Atomiging 
heads are distributed over the area, and connected with compressed air and water 
lines. Water is broken up into fine particles by a jet of compressed air, and is quickly 
evaporated into the room air. The huimnidifying rate is controlied by a hygrostat that 
turns the nozzles on and off as required. If there are internal-heat loads in the space, 
the resulting temperatures may become intolerable for human occupancy unless 
sufficient outside air is introduced. Reliance is often placed on open windows or 
gravity ventilators, but the temperatures are seldom comparable with those produced. 
by the central-station, evaporative-cooling systems, unless equivalent quantities of 
antside air are introduced through mechanical ventilation. 

“Combination” systems are frequently installed for humidities of 65% and 
higher. In these, atomizing spray nozzles are placed in front of the outlets of a central- 
station, air-washer installation. Such systems produce room temperatures that may 
be as much as five degrees higher than the systema utilizing only the air washer, de- 
pending upon the ratio of atomized water to the air supplied. Compared with the 
100% central-station system for a given relative humidity, the advantages are lower 
initial cost, and space saving due to-smaller apparatus and ducts. 

Chemical Neutralizers. Spray-type washers are exteusively used for removal or 
neutralization of noxious components from large volumes of gas or air. Appropriate 
chemical reagents are sprayed in the washer to purify the air or gases by neutralization, 
such as sodium hydroxide solution if the air contains acid gases. The solution must 
be continuously reconcentrated and the precipitated salts removed to waste. ‘The con- 
tact efficiency of such washers is high, aud due to the simple construction, maintenance: 
is easy and efficiency constant. (See Gas cleaning.) 

Low-Humidity Systems. Some industrial processes require low humidities, and 
when the dewpoints required at the apparatus approach or fall below the freezing 
point, dehumidifiention eau often be better produced with delrydration equipment. 
Especially effective functionally are the liquid sorbents, such as lithium chloride brine 
and triethylene glycol, and solid sorbents, such as silica gel and activated alumina. 

Dehydration of air by liquid or solid sorbents is for all practical purposes adiabatic, 
and the total heat of the air remains essentially the same. Therefore, the air leaving 
the dehydrator is at a higher dry-bulb temperature than the air entering. It is there- 
fore necessary to provide an aftercooler for sensible-heat removal if lower room dry- 
bulb temperatures are required. Chemical dehydration (as opposed to simultaneous 
cooling and dehumidifying) is most favorable when: (7) a cheap source of sufficiently 
cool water is available, (2) cost of gas or steam for reactivation is low, and (8) a large 
portion of the load is latent heat. 

Solid-sorbent processes utilize the property of certain solid substances to adsorb 
water vapor. As the material fills with water, the attraction becomes balanced by the 
internal vapor pressure until an equilibrium condition is attained. The total weight 
of water that can be adsorbed is a function of the temperature of the material and the 
relative humidity of the air. When the temperature is raised or the humidity lowered, 
moisture is driven out. The solid sorbents are silica (q.v.) and alumina (q.v. under 
Aluminum compounds). 

Equipment utilizing these substances is of either the intermittent or the continu- 
ous type. The air to be dehumidified is passed through the adsorber bed during the 
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dehydration cycle. After adsorption of so much moisture that the rate of removal be- 
comes impaired, the bed is subjected to reactivation, during which moisture is driven 
off by direct firing or hot air. When reactivation is complete, the bed is cooled by out- 
side air, to remove the residual activation heat. The moisture-laden air from the 
reactivation, and the air from the cooling 
part of the cycle, are discharged out-of- 
doors. In the intermittent process, two 
beds are operated to afford continuity 
of operation, oue being on the dehydra- 
tion cycle at the time the other one is 
reactivating and purging; dampors effect 
the switch-over. With the continuous 
type, material] may be carried at the 
periphery of a revolving drum aud suc- 
cessively subjected to the dehydration, 
reactivation, and cooling phases, or held 
stationary while a rotating port valve 
E subjects it to the three cycle phases. 
Courtesy Bryant Heater Company. Figure 3 shows the schematic flow dia- 
Fig. 3. Bryant continuous rotary dehumidifier STAM for a typical rotary dehydrator. 
(dehydrator). Liquid sorbents may also be used for 
low-huniidity systems. Fhe vapor pres- 
sure exerted by water depends on its temperature, and air remaining in contact will ab- 
sorb moisture by evaporation until its vapor pressure exactly equals that of the water, at 
which time equilibrium is reached. Many salts in aqueous solution have the property 
of markedly reducing the vapor tension exerted by the solution below that of pure 
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water. Such a solution, if of proper strength, will cause moisture to condense from the 
air even though the solution temperature is much higher than that corresponding to 
the dewpoint of the air. Brines of calcium chloride, lithium chloride, and calcium 
bromide are used, either singly or in combination; triethylene glycol, and to a lesser 
extent diethylene glycol and ethylene glycol, are also used (see Calcium compounds; 
Carbon; Glycols; Lithium compounds). The concentrated mixtures of the glycols 
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with water are also referred to as "brines," though they do not have the corrosive 
properties characteristic of the halide brines. Besides favorable vapor-pressure charac- 
teristics, the brine used should not have a solidification curve too near the working 
range, must be odorless, relatively noncorrosive, chemically stable, and reasonable in 
cost. The most serious application hazards are corrosion, due to contamination of the 
brine, and carry-over from equipment into the room, which is not tolerable even if 
extremely minute. Equipment is available that overcomes these two faults. 

Figure 4 shows the operation of the principles outlined above. The air to be dried 
contacts the brine, either by spray or wetted surface; moisture content of air is re- 
duced, temperature of both brine and air increased (by heat of condensation and 
dilution), and concentration of brine is decreased by the amount of water condensed. 
Tor reconcentration, the brine is heated, and water either boiled off or evaporated at a 
lower temperature in a reconcentrator. The solution is then cooled, usually in a 
brine-water interchanger, to a temperature suitable for dehumidifieation, and the 
cycle is repeated. Several variations may be employed in the brine circuiting, and 
additional heat exchangers may be employed. The brine and air may be cooled in the 
dehydrator simultaneously to produce’ the required supply-air dry-bulb temperature, 
and to reduce brine temperature to permit the lowest possible vapor pressure. Since 
brines can be pumped, there is no problem in making this process continuous. 


TABLE I. Summary of Various Methods of Controlling the Condition of Air in an Enclosure. 
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Basis for Design 


The design of air-conditioning systems is a highly specialized branch of engineer- 
ing; some of the available texts on the subject are listed in the bibliography. The 
following discussion gives the general principles of design from the point of view of the 
prospective purchaser and user rather than the designer. 

Of first importance is the determination of the conditions to be produced in the 
space. This requires at the outset, the decision as to whether the conditions are to be 
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selected to provide maximum human efficiency, or optimum conditions for the product 
and. process. When lumin efficiency is the deciding factor, the conditions selected 
will bear a relationship to the outdoor conditions, and thus will vary from season to 
season. In the eastern United States, with minimum winter temperatures of 0°F., 
and summer temperatures up to 95°F. dry bulb and 78°F. wet bulb, it is customary to 
produce approximately 74°F. and 40% relative humidity in winter, and up to 80 °F, 
and 50% relative humidity in summer. The conditions are not uniform at all times 
and places; acclimatization of people is permitted its influence. The summer condi- 
tion of S0? and 50% relative humidity is commonly used as a design standard. 
The sumer condition produced at other than peak load may range from 74 to 78° 
dry bulb with 40 to 50% relative humidity, depending on the operation of the 
system. 

The question as to what temperature and humidity should be provided for a given 
product or process must be governed by the economics of the situation, which takes the 
following factors into consideration: (1) optimum temperature and humidity for the 
product; (2) effect of such conditions on workers’ comfort and resultant production; 
(9) initial and operating cost of installation Lo provide optimum conditions. 

It is frequently fonnd advisable to select conditions that are n compromise be- 
tween optimum conditions for the product and comfortable working conditions for the 
operators. Tn some instances, special conditions are produced in small areas within 
the main conditioned space for conditioning the product at various stages in the manu- 
facturing process. Accuracy and uniformity of control at a given level, regardless of 
daily or seasonal outdoor atmospheric changes, is often a requirement. 

Some products require low humidities. An example is found in the manufacture 
of safety glass; the inner lamination of plastic must be inspected and packed at not 
over 10% relative humidity, to reduce hygroscopic moisture to levels that will not 
cause difficulty when the finished product is subjected to low atmospheric temperatures 
in actual use. This relative humidity can be produced by elevating the dry-bulb 
temperature, but by reference to a psyclirometric chart it will be observed that if no 
means of dehumidification is provided, and outside air is available at 80°F. and 80% 
relative humidity, this air would need to be reheated to 154?F.. to lowor the humidity 
to 1095. Obviously, this temperature is intolerable for the workers, and it is therefore 
necessary to reduce the dry-bulb temperature to at least 80°F. for human efficiency. 
The dewpoint at 80°. and 10% is 20.5°F., which is below freezing, necessitating the 
choice of either refrigeration, with nonfreezing brine and reconeentration, or either 
liquid or solid sorbents. 

All sources of heat in the conditioned space must be carefully studied. Thorough 
analysis of the building structure is required to determine the heat gain from the 
sun. People and lighting loads, and other heat gains resulting from operation of 
machinery and chemical processes, must be carefully evaluated. Outside air must be 
provided according to the requirements of the workers, and for replacement of air 
exhausted through hoods that may be needed where toxic fumes are generated, or 
where excessive localized heat is produced. Automatic control must be provided that 
will compensate for variation of heat gains due to movement of the sun or change of 
outside temperature. Such variations of load seldom take place simultaneously in all 
areas; therefore, it is usually necessary to zone air distribution systems. so that room 
conditions in one area, may be controlled independently of other areas, through the use 
of reheaters, volume dampers, recirculation fans, or other means. 
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The following factors must be considered in the design of an air-conditioning 
plant: 


A. Temperature and/or humidity to be maintained. 
1. Allowable seasonal variations. 
Y Degree of accuracy required, 
B. Outdoor eonditions to he assumed for desigu (uot necesst wily the extremes encountered), 
C. Architectural plans and details of building construction. IF original plans are not avail- 
able, the building must be carefully measured and delails of construction determined 
by inspection. 
1. Orientation of building with regard to the sun. 
2. Zoning requirements due to sun effect, load concentrations, and differences in condi- 
tions required for various processes. 
D, Sensible heat gains. 
1. Solar radiation and transmission through glass. 
(a) Kind of glass. 
(b) Shading devices. 
. Transmission, including sun effect, through walls aud roofs. 
, Power. 
(a) Usage factor. 
(b) Per cent loaded. 
4. Lighting. 
(a) Usage factor. 
(b) Auxiliaries. 
5. Miscellaneous-—ovens, exposed steam pipes, ete. 
ὁ. Product entering at above space temperature. 
In. Latent heat gains, 
I. Free water used in process. 
2. Seepage of water vapor through building materials (especially important in low dew- 
point applications). 
3. Water vapor frum maist product, 
F. Sensible and latent heat gains. 
1. People. 
(a) Degree of activity. 
(b) Duration of occupancy. 
2. Cas-burning equipment, 
(a) Usage factor. 
(b) Btu value of gas used. 
3. Teating equipment evaporating water (capacity and usage factor). 
4. Chemical and biological reactions, 
5. Infiltration of air. 
(a) Frequeney of door opening. 
(b) Window eraeks. 
(c) Porosity of building structure 
G. Y entilation air. 
. For hnumau oceupenay. 
(a) Per cent smoking. 
Toxie fame and smoke dilution. 
3. Odor dilution. 
4. Offsetting exhaust hood requirements. 


Wb 


This information is required before the air-conditioning engineer can determine the 
load and complete the design of the basic equipment, the air-distribution system, and 
the automatic controls. 


Uses of Air Conditioning in Chemical Industry 


Many chemical processes require accurate environmental control for the physical 
or chemical reactions, while others must have controlled conditions in order to attain 
necessary uniformity of quality and dimensional stability. Among the functions of air 
conditioning in modern industry are the following: (1) to control ecrtain chemical 
reactions and processes that are affected by atmospheric conditions, such as the 
formation of cellulose xanthate in the manufacture of rayon; (2) to control the rate of 
biochemical reactions, such as production of penicillin, storage of whole blood or 
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plasma, fermentation, and production of yeast and malt; (3) to control quality, 
uniformity, and standardization; (4) to control rate of crystallization, size of crystals, 
ete.; (0) to control regain, such as moisture content control in the textile industry; 
(6) to prevent deliquescence, lumping, and caking of hygroscopic materials, as in 
certain pharmaceutical operations; (7) to control expansion and contraction of 
machines and products; (8) to control physical, chemical, and biological cleanliness; 
(9) to niinimize cffect of static clectricity, as in munitions, paper, and textile indus- 
tries; (10) to control odors and fumes; (11) to control conditions in storage and 
packaging; and (12) to increase the productivity of workers. 

A number of the major industries in which air conditioning is extensively used are 
given below, with some of the significant advantages of controlled atmospheric condi- 
tions. 

Synthetic Textiles. ‘The syuthetic textile industry, represented by rayon (¢.2.) 
and nylon (see Polyamédes), uses air couditiouing in order to achieve uniform quality 
and viscosity for spinning, to control the rate of reaction and coagulation, to control 
toxie fumes and evaporation from acid baths, to control the winding of wet threads by 
preventing stretching, to control regain, and to prevent crystal formation on threads 
and machines. Because of toxie fumes in some rayon processes, air conditioning is a 
hygienic necessity. In the mechanical handling of the finished synthetic yarns, in 
throwing, weaving, and knitting operations, air conditioning is necessary for quality 
and production control. (See also Textile technology.) 

One typical problem encountered in a plant manufacturing viscose rayon was the 
prevention of condensation on sodium cellulose crumbs and the shredding machinery. 
Refrigerated water or brine was used for jacketing the machines to remove the heat of 
chemical reaction and the heat from motors driving the shredders. The “crumbs,” 
having been chilled i the process, required handling in sir at not over 50°F. dewpoint 
to avoid troublesome condensation both ou ile material and machine surfaces. The 
dry bulb was held at approximately 65?F., and the air-conditioning apparatus con- 
sisted of a eentral-station system that used a chilled-water spray dehumidifier with 
fans, reheaters, and controls, similar to those shown in Figure 2, A similar system was 
used in the churn room where the white crumbs were treated with carbon disulfide 
to form cellulose xanthate, or “orange crumbs.” <A dry-bulb temperature of 75 to 
80°F, was required winter and summer. Large quantities of outside air were required 
to dilute and remove the explosive and toxic fumes. The heat of the reaction, in which 
the viscose rayon was produced by treating tle cellulose xanthate with sodium 
hydroxide, was removed by brine- or water-jacket cooling, and the viscose solution was 
ripened in a closely-controlled, eonstaut-temperature room to assure the proper 
viscosity for spinning. It was also necessary to dilute and remove the acid fumes 
generated in the spinning room, whieh was held at 80 to 85°F. and 75 to 80% relative 
humidity to prevent crystal formation on the spun filament. Central-station spray- 
type apparatus was also used for this room. Air conditioning was also used for suc- 
ceeding processes of washing, bleaching, and drying, and final sorting and grading. 

Pharmaceuticals and Biologicals. Air conditioning is an important processing 

equirement in the production of many pharmaceutical materials, as in the manufac- 
ture of pills and capsules, and in the packaging of the finished product, in order to 
maintain constant formula, quality, and measurements. It helps to achieve constant- 
production rates, cleanliness, aud purity; to prevent lumping, caking, and sticking; 
to reduce diffusion of material into the air; and to remove noxious fumes and gases, 
(See Pharmaceuticals.) | 
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An example typical of air conditioning in this industry is a system used in a well- 
known pharmaceutical plant to provide the proper environment for capsule filling, 
In this process, low relativo humidity was required to prevent lumping of the hygro- 
scopie material. Close control of temperature aud humidity was required for uniform 
quality and filling of the capsules, for the gelatin capsules would become soft and 
sticky at too high a temperature and huinidity, aud brittle at low temperature and 
humidity. The space served by the system consisted of several rooms of vapor-tight 
construction, to minimize the seepage of moisture due to the fairly great difference in 
vapor pressure between the outdoor air and the conditioned space. The conditions 
maintained year-round in the conditioned spaces were 80°F, dry bulb and 20% relative 
humidity (35.2°F, dewpoint, 30 grains per pound of dry air). For this application, a 
silica-gcl dehydration system was chosen beeause the low dewpoint would have re- 
quired lower-than-freezing spray- or coil-surface temperatures. The air-conditioning 
system is schematically shown in the flow diagram in Figure 5. The air cycle is as 
follows: Outside air is mixed with a portion of return air from the conditioned space 
and drawn through a bed of silica gel, which is continuously reactivated hy direct-fired 
gas heating. Dry air is discharged from the deltydrator, cooled by city water in an 
aftercooler coil, mixed with return air, filtered, and drawn through sensible-heat 
cooling coils (direct expansion of Freon-12 from a reciprocating, condensing unit), and 
then discharged by means of a supply-air fan to the various spaces. Tach space las 
its own rcheater, which is used to maintain constant dry-bulb conditions year-round. 
Return air is taken from each space, drawn through filters by « return-air fan, which 
delivers part of the air to the wet air inlet of the dehydrator and recirculates the 
balance to the sensible-hent cooling coil. 

Rubber. In the rubber industry, air conditioning insures uniform performance in 
drying and shortens the drying period, controls oxidation, eliminates blisters in dipping 
operations, preserves tensile strength, minimizes explosion hazards from statie elec- 
tricity, and reduces concentration of toxie fumes. (See Rubber compounding and 
fabrication.) 

Photographie Materials. Air conditioning is an essential element in the processing 
of photographic materials, in controlling regain of filn, in minimizing static-electricity : 
discharge, thus reducing fire hazard and preventing fogging and streaking, in assuring 
dust-free air, and in providing ideal conditions for packaging and storage, thereby 
reducing production losses. Since many of the pllotographie manufacturing processes 
are conducted in total darkness, air conditioning is extensively utilized for proper con~ 
ditions for materials and for ventilation. (See Photography.) 

Explosives. The munitions industry employs air conditioning to control uni- 
formity i the manufacture and loading of the various explosive mixtures, to control 
drying and moisture content, to minimize static-electricity discharges and reduce the 
hazard of fire and explosion, to remove and neutralize toxic fumes, to remove and re- 
cover dust or solvents from manufacturing or loading processes, and to provide proper 
atmospheric conditions for storage of raw materials or finished product. (Gee 
Explosives.) 

Breweries. Rate of fermentation is controlled and proper air sanitation and re- 
moval of carbon dioxide is provided hy the usc of air conditioning. 

Food Processing. Air conditioning is used in the food-processing industries in the 
production of dehydrated foods, in blast freezing and locker storage plants, in smoke 
houses and meat packing, in the manufacture and storage of candy and chewing gum, 
and in many other food-production processes. (See Food.) 
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Metallurgy. Air conditioning has been applied to blast furnaees in stabilizing the 
moisture content of blast air, thus eliminating the variability due to weather condi- 
tions. This has permitted more consistent loading of the furnaces, resulting in more 
uniform rate of production and quality of pig iron. In powder metallurgy, mixing and 
filling bencfit by controlled-air conditions. Perspiration stains, “etching,” and rust are 
reduced in the metal-working industries by means of air conditioning, and crane cabs 
in rolling mills have been air conditioned to provide for the health and comfort of the 
worker. 

Ceramics. The drying of ceramie products before firing is controlled by air 
eonditioning, to standardize form and dimension, establish uniform drying and con- 
trolled rate of drying, and to prevent setting up strains that may otherwise cause 
cracking and erazing during firing. (See Ceramic industries.) 

Laboratories. Air conditioning for laboratories of various types probably pre- 
sents the widest range of temperatures, humidities, and atmospheric pressures. Dur- 
ing World War II, because of the need for testing military equipment and supplies 
under the most. extreme conditions of temperature, humidity, atmospheric pressure, 
wind, rain, and snow, many laboratories, and test cabinets on a smaller seale, were de- 
signed for artificial reproduction of these conditions. Requirements in industry vary 
from small, constant-temperature and -humidity rooms, which cean be handled by self- 
contained units, to large installations incorporating all-weather features for testing of 
full size airplanes. In addition, test laboratories and test cabinets have widespread 
application in industry in determining specifications and standards and in testing for 
adherence thereto. Also, much basic research is conducted in constant atmospheric 
conditions in order that standards of environment and measurement, be maintained. 
(See Laboralories.) 


APPROXIMATE COST OF AIR. CONDITIONING 


Obviously the cost of air conditioning is subject to wide variation, depending upon 
the room conditions to be maintained and the load imposed. The following figures, 
which, it must be remembered, refer to 1946, are rough approximations, and are in- 
tended to give some indication only, of the cost of some of the applications of air con- 
ditioning. The initial costs given are exclusive of building construction, electrie wir- 
ing, aud steam connections, which will add from 25 to 50%, depending upon conditions. 
The annual operating costs are based upon 15-year amortization, 5% interest, and 
do not inelude taxes and insurance. 

For installations designed for human comfort, in a building having normal win- 
dows, 3-5 watts of lighting and power per sq.ft. of floor area, one person per 80-100 
sq.ft., ventilation air at the rate of 10-25 e.f.m. per person, and requirements of 75- 
80°F. dry bulb and 45-60% relative humidity, the initial cost: $1.50—$3.50 per sqft., 
5350-9750 per ton of refrigeration; aununl operating cost: $0.25—$0.45 per sq.ft. 

For applications that require low room dewpoint, such as the capsule-filling room 
previously described, and that have 5 watts per sq.ft. lighting and power load, one 
person per 80 sq.ft., ventilation air at the rate of 10-25 c.f.m. per person, and room 
eonditions of 70-75°F. dry bulb and 20-45% relative humidity, initial cost: $6.00- 
$8.00 per sq.ft., $1.80-$2.25 per ¢c.f.m. supply air. ' 

Costs of evaporative cooling (humidifying systems) vary widely, since the air 
quantity is directly proportional to the machinery head load, and hence the cost per 
sq.ft. is difficult to present except through a very wide range. However, the design 
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data for a typical rayon-spinning mill are: lighting, 1.5 to 2 watts per sq.ft.; power, 
30 to 40 watts per sq.ft.; people, 500 to 1000 sq.ft. per person; room conditious, 85 to 
O5°F. dry bulb and 60% relative humidity, The initial costs for a central-station, 
evaporative-eooling system: | $2.00-$2.50 per sq.£t.;. 80.18-80.25 por c.f. m. supply air, 
for all-nir systems; and 80.25-80.50 per c.f.m. supply air, for combination systems. 
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AIR, LIQUID. See Oxygen, 

AIR SEPARATORS. Sce Size separation. 
ALABAMINE. See “Element 85” under Elements. 
ALABANDITE, MnS. See Manganese. 

ALANINE, CHACH(NH2)COOH. Sce Amino acids. 
B-ALANINE, NE;CIL.CH.;COOH. See Amino acids, 
ALBITE, NaAISnOs. See Silica and silicates. 
ALBUMINS. Sce Adhesives; Proteins. 
ALCAMINES. Bee Amino alcohols; Ethanolamines, 


ALCOHOL, INDUSTRIAL 


Physical and Chemical Properties, 253; Sources of Aleohol, 255; Manufaeture from 
Saccharine Materials, 255; Manufacture from Starchy Materials, 258; By-products, 
261; Distillation, 264; Anhydrous Alcchol, 269; Manufacture from Cellulosic Raw 
Materials, 271; Synthetic Aleohol from Hydrocarbon Gases, 277; Units and Govern- 
ment Regulations, 280; Uses and Economies, 282; Bibliography, 286. 

The term alcohol here refers exclusively to ethyl alcohol (ethanol, methylcar- 
binol, grain alcohol, spirits of wine), CeHsOH which is the subject of this article.’ It is 
a colorless, limpid, volatile liquid, with an ethereal odor and a pungent taste, widely 
used in industry, as a solvent, for the manufacture of acetaldehyde, and for a very 


ALCOHOL, INDUSTRIAL 


253 


large number of other purposes. It is largely used as a mixture of 95% alcohol with 5% 
water; for some purposes 100% alcohol (absolute alcohol) is used. See also Alcohalie 


beverages, distilled. 


Physical and Chemical Properties 


Absolute alcohol 


0556 Aleolil 





Constant 
M.p., °C. 
Bp, °C. 
Sp.gr. 
nee 


Viscosity at 20°C., poise 
Surface Lension, dynes/cm. 
Sp. heat, 
Heat of fusion, eal./gram 
Heat of evaporation at b.p., 

eal. /gram 

B.t.u. /Ib. 
Heat of combustion, kg.-cal./gram-mole 
Flash point, (A.S. T. M. open cup), °C. 
Explosive limits in air, per vent 
Apparent ignition temp. in air, °C. 


Electrical conductivity at 25?C., ohin7!/em. 


—112.3 

78.4 
0.78510 
1.3633 
0.0122 

22.3 
0.581 

24.0 


204 
308 
328 
18.3 
3.7-A9.7 
371-427 
1.35 x 10? 








1.3651 
0.0141 


818 


2 


14 


400-132 


Auhydrous ethyl aleohol is miscible in all proportions with water, other alcohols, 
ether, benzene, and most organic liquids. With water it forms a constant-boilmg mix- 
ture, containing 95.6% alcohol by weight: (97.2% by volume) (see Table I). 


TABLE I. Vapor and Liquid Composition in Sysiem: Ethyl Alcohol-Waier. 


Molo fraction ethyl alcohol 

















In liquid, x ln vapor, y | In liquid, x In vapor, y 
0.1 - 0.4410 | 0.72 0.7650 
0.2 0.5285 0.7 0.7775 
0.3 0.5725 0.76 0.7905 
0.4 0.6125 0.78 0, 8040 
0.5 0.6520 | 0.80 0.8175 
0.6 0.60965 | 0.32 0.9320 
0.64 0.7175 0.84 0.8170 
0.66 0.7290 { (0.86 0.8640 
0.68 0.7410 0.88 0.8820 
0.70 0.7525 0.8943 4.8943 

Source: reference (22). 


These data are also shown graphically in Tig. 7, a8 a vapor-liquid composition 


curve. 


Tt will be seen that in the middle range the separation of the compononts 18 


relatively easy, but the concentration of alechol by distillation cannot he carried 


beyond the constant-boiling mixture. 


Table Il gives the boiling points of ethyl aleohol-water mixtures, in the higher 


range. 


_For the density of aleohol-water mixtures, and the contraetion when alcohol aud 
water are mixed, see section “Units and government regulations" (page 280). 
Reactions. The chemistry of ethyl alcohol is primarily that of the hydroxyl 
group; however, in a number of reactions the methyl group plays a significant role. 
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Ethyl alcohol reacts with some metals to form ethoxides (ethylates) (see A lcohols). 
(ΠΟΙ͂ -+ Na. ————9 C4H;ONa 4. 1/. Hs 

Sodium ethoxide is a valuable condensing agent in organic synthesis. Aluminum 
ethoxide is a useful reagent for reducing unsaturated aldehydes and ketones to un- 
saturated alcohols. 

The hydroxyl group may be replaced by halogen by usual reagents, such as the 
hydrogen halides and phosphorus halides. 

The dehydration of ethyl aleohol may take place intramolecularly to form ethylene 
and intermolecularly to form diethyl ether. In general higher temperatures and higher 
ratios of catalyst to aleohol favor production of the olefin. (see Ether, cthyl; Ethylene). 


TABLE IL. Boiling Points of Ethyl Aleohol-Water Mixtures. 








Wt. of aleohul Bp. 9C. We. of aleohol Tp, °C. 
100 78.3 05.5 78.17 
900.5 78.27 95.0 78.18 
90.0 78.24 94.0 78.90 
98.5 78.22 92.0 a 78.26 
97.5 78.19 90.0 78.32 
97.0 78.18 85.0 78.64 
96.5 78.18 80.0 79.05 


96.0 73.47 


Source: reference (55). 


Ethyl alcohol may be esterified with inorganic and organic acids (see Esters, 
organic). The esterification with organic acids is catalyzed by aciclic substances, such 
as hydrochloric acid, sulfuric acid, boron trifluoride, and p-toluenesulfonic acid. Since 
ethyl alcohol is ordinarily the least expensive of the reactants, it is used in large excess 
to drive the esterification to completion. Acid anhydrides and acyl halides are also 
used to form the corresponding esters. 

Ethyl aleohol reacts readily with the carbonyl group of aldehydes and ketones to 
form acctaly (see Acetals; Alcohols). 

One or two molecules of ethyl alcohol may add to acetylene to form vinyl ethyl 
ether or diethyl acetal, respectively, The former reaction is best catalyzed by alkaline 
mnaterials, such as sodium ethoxide, while the second reaction is best catalyzed by 
acidic substances, such as boron fluoride or sulfuric acid, and by mercuric salts. 


| Na OOsITs vl - 
CH:CH 4- CH;OH ———— CIT; CTIOCSH; 
CH: CHOCA + CHOH LAT CHCOOH): 
catalyst 

Ethyl alcohol may be oxidized catalytically to acetaldehyde and to acetic acid. 
The oxidation from the alcohol directly to the acid is not ordinarily carried out in one 
step since the one-step oxidation is complicated by appreciable decomposition of ethyl 
alcohol to carbon monoxide, carbon dioxide, ete. Instead, the oxidation is usually 
carried to acetaldehyde in one step and then to acetie acid in a second step (see Acetal- 
dehyde; Acetic acid). Conversion to acetaldehyde may be effected by oxidation or de- 
hydrogenation. Copper and fine silver wire are catalysts for the air oxidation, while 
chromium-activated copper catalysts are employed for the dehydrogenation. 


CH3CH40H 4- (0) ———» CH;CHO -4- T50 
CH;CEIbOH. ——— CH,CHO + H: 


ALCOHOL, INDUSTRIAL 255 


The one-step oxidation of ethyl! alechol to acetic acid may be carried out by fermenta- 
tion on an industrial scale (ee -Leetic acid). 

Several reactions of ethyl alcohol with sulfuric acid are of interest. When concen- 
trated sulfuric acid is added slowly to ethyl alcohol, ethyl hydrogen sulfate is formed. 
If tbis solution is distilled slowly at reduced pressure, diethyl sulfate, a useful ethylat- 
ing agent, can be obtained. Sulfur troxide givos so-called "earbyl sulfate," whieh 
may be hydrolyzed to isethiontc acid (see Surfuce-uctire materials), 

CEH;CHLOH + 2803; ——À CHa—CE-—0) 
ko, —0-— do, 
carbyt sulfale 
CH —CH:—0 + 2 H4) ——— 5 CTE(QOIDCELSO;H. -E- HSO, 


BO ——0-——8O0, iselhionic acid 


Ethyl alcohol is oxidized ly the halogens to acetaldehyde, which can then be halo- 
genated to ehloral or hromal (see Chloral), The addition of alkali cleaves the molecule 
of chloral to chloroform (or of bromal to bromeform). This was formerly the most im- 
portant method for preparation of the haloforms. 

CH,CILOU - Cl, ————5 CH;CHO 4-2 HCI 
CHACHO F3 Cl ———5 CCLCHO + 3 HCl 
CCLCHO -- NaQH ——— CHCl -+ HCO:Na 

Ethyl alcohol has heen used to alkylate the aromatie nucleus in the presence of 
sulfurie acid or other Friedel-Crafts catalysts (see Styrene), and also to alkylate am- 
monia and amines (sce Amines; Aniline). 

For amino derivatives of ethyl aleohol see “Acotaldehyde-ammonia” under 
Acetaldehyde; Ethanolamines. 


Sources of Alcohol 


Ethyl aleohol may be derived from four classes of raw materials: (7) saccharine 
materials (containing sugar, stich us molasses, sugar beets, sorgo, sugar cane); (2) 
starchy materials (cereal grains, potatoes, etc.); (3) cellulosic materials (wood, agri- 
cultural residues) and the waste sulfite liquor from paper-pulp mills, which contains 
sugars from hydrolysis of cellulose and hemieellulose; and (4) hydrocarbon gases 
(either by hydration of ethylene, or by conversion of the gases to a mixture of carbon 
monoxide and hydrogen, which is then passed over a hydrogenation catalyst (Fischer- 
Tropsch or “Synthine” or "Synthol" process). 

With the first three classes of raw materials, alcohol is produced by the fermenta- 
tion of sugars with yeast, Raw materials of the first class are directly fermentable. 
The second class consists of the more complex earbohydrates, such as starch, which 
must first be converted to fermentable sugars by enzymatic action using malt, or by 
the use of molds or of mineral acids. The cellulosic materials of the third class are 
converted to fermentable sugars by hydrolysis with mineral acids. With the fourth 
class of raw materials, the processes used are entirely different, and: no hiclogical 
organisms are used. 


Manufacture from Saccharine Materials 


These raw materials have the advantage over starchy or cellulosic materials that 
fermentation is applicable directly, Most of the industrial alcohol produced in the 
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United States has been from saccharine raw materials, of whieh by far the most im- 
portant is blackstrap molasses (see Sugars). This consists of the residues from evapo- 
rated sugar-cane juice, after the extraction of the crystallizable sugar, and contains 
from 50 to 60% of sugars (55% being a fair average) in the form of a mixture of invert 
sugar and sucrose. 

Most of the blackstrap molasses used for alcohol manufacture in the U.S. is im- 
ported from Cubs, a relatively small quantity being obtained from Puerto Rico. 
About 2'/, gal. (20.4 1b.) of sueh molasses (at 52% totul sugar content) is required to 
produce a gal, af 95% alcohol, the yield being wbout 85% of the theorctical. 

Under certain economic conditions it becomes profitable to evaporate down the 
original sugar-cane juice, and import the resulting “high-test’ molasses, Such 
“molasses” is high in sugar, sometimes as higli as 7894, which is mostly in the inverted 
form as the result of acid hydrolysis. This has been used as a raw material for indus- 
trial aleohol. 

In sugar-cane juice the sugar is in the form of suerose, CeHw:Ou, which is erystal- 
lizable. In solution sucrose undergoes a hydrolysis, catalyzed by acids, and called in- 
version (see Sugars). 

Cy TO 4- LQ ————> Cyl wOg -- CaH Oc 

sucrase D-glucose p-fruetose 
The mixture of glucose and fructose in invert sugar is not erystallizable, and con- 
stitutes the greater part of the sugars in molasses. 

The yeast organism (see Fermentation; Yeasts) uses various simple sugars as food 
and, in the presence of oxygen, oxidizes them almost completely to water and carbon 
dioxide; under such conditions the organisins multiply very rapidly. Under anaerobic 
conditions the yeast is still able to utilize sugar as a food, producing from it a variety of 
orgauic chemicals, but principally ethyl alcohol. 

CgEie0y ———-> 2 CATI,OTL + 2 CO, 
monosaccharide aleohol 
When the concentration of ethyl alcohol reaches about 1295 by volume the activity of 
the yeast ceases, and in general practice 9% is not usually exceeded. This introduces 
an upper lint to the concentration of alcohol that cau be produced by a fermentation 
process, 

Preparation of the “Starter.” ‘To start a commercial fermentation operation a 
batch of molasses mixed with water, which may have a magnitude of several thousand 
gallons, must be inoculated with yeast to a concentration of 3,000,000 to 7,500,000 
organisms por ml. "This requires a considerable volume of yeast, (about 3-597 of the 
volume of the batch itself) and this yeast should preferably be pure culture, that is, of 
ono selected strain of yeast, uncontaminated by any of the "wild" yeasts, which 
abound in the atmosphere. 

With the ise of aseptic technique, a tube eontaining about 10 ml. of sterile 
wort is inoculated with a pure culture of the yeast, which may be maintained on malt- 
agar mediums. After incubation for a suitable period of time, about 24 hours at a 
temperature of 25-80°C. (77-86°F.), the optimuin for yeast: growth, the culture in the 
(ube may be used to inoculate a flask containing approximately 200 ml. of sterile 
mash. After incubation the contents of the flask may be used to seed a sterile mash of 
about 4-liter capacity. Up to this point iu tlie preparation of the starter, the work is 
orclinarily carried out in the laboratory in glass containers. The next mash inoculated 
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is of semi-plint-scale size (varying from 10 to as much as 200 gal.) and is located close 
to the fermenters. Usually at least one more proportionally larger mash (several hun- 
dred gal.) is inoculated and permitted to incubate. Then this fermenting mash, the 
starter, is either pumped or Wlowed tu flow hy gravity to the main mash. The addition 
of this large yeast culture to the mash constitutes “pitching.” 

In the Magué automatic system of pitching, a stock of the pure eulture i8 propa- 
gated in an upper compartment of the apparatus and used as a daily seed to start the 
lower compartment, whieh in turn seeds the larger yeast-propagation tanks. Thus 
one culture may be used over a considerable period of time before recharging with a 
pure culture developed from the laboratory stock culture. 

Rapid Yeast Production. The production of yeast is normally a bateh process, 
consuming relatively large quantities of erain and tying up considerable equipment. 
Stark and co-workers (70), by utilizing optimum conditions of mediums, tempera- 
ture, pH, nutrient requirements, and aeration, produce yeast in à 3—-5-hour eyele wmd 
at tavice the concentration of the batch process. It may be possible, by this process, to 
produce pure-culture yeast in concentrated form in à central yeast plant and distribute 
it to aleohol plants over a wide arca. 

Fermentation, Many variations in fennentation procedures are possible; this 
account, deseribes the more usual procedures. The molasses must first be brought to 
the appropriate conditions, Water is added to bring the sugar concentration within 
the desired range: from 10 to 18% is usually satisfactory, 12% is frequently used. 
When the coneentration is too high it reacts adversely on the yeast, that is, the alcohol 
produced may inhibit the action of the yeast, with the consequence that the fermenta- 
tion time is prolonged and some of the sugar is not properly utilized. The use of too 
low 2 concentration of sugdr is uneconomical as it may leacl to a loss of valuable fer- 
menting space; in addition, a greater quantity of fermented wort must be distilled to 
produce the same amount of alcohol, thus adding to the expense of production aud 
stillage recovery. Although molasses generally contains most of the nutrient snb- 
stances required for fermentation, ammonium salts, such as ammonium sulfate or 
phosphates, may be added to the mash to supply deficiencies in nitrogen or phosphorus, 

Fermentation proceeds satisfactorily when the mash has been adjusted to a pH of 
4.0 to 5.0. 'Phis pH favors the yeast but is sufficiently low to inhibit the development 
of many types of bacterin. In so doing, the manufacturer depends on the pH of the 
wort and the use of a luge inoculum to take the place of sterilization, for it has not 
usually been considered practicable to sterilize the large molasses mashes. Sulfuric 
acid is commonly used to adjust the reaction of the mash, although lactic acid is satis- 
factory. The temperature of the mash when inoculated or “set” should be in the range 
60-80°F. (usually 65-75°R.), depending on the external temperature. 

The starter is mixed with the mash in the fermentation tank, which is usually 
covered, in one of several manners. Streams of the adjusted mash and the starter flow- 
ing simultaneously into the fermenter may be made to converge on a baffle board 
located in the upper part of the tank. The mash and starter become well mixed as they 
spatter and fall to the bottom of the tank. An alternative method is to add the starter 
after the mash has been placed in the tank, and effect mixing of the two by compressed 
air or earbon dioxide from lines located at the bottom of the tank. Mechanical agita- 
tion may also be used. 

For the first few hours multiplication of the yeast cells takes place up to a concen- 
tration of about 150,000,000 cells per ml. (depending somewhat on the strain used). 





^. 
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'l'he optimum temperature for yeast propagation is 86-88?T. — A vigorous fermentation 
then sets in, called "boiling," during whieh carbon dioxide is given off rapidly. The 
optimum temperature for alcohol formation is 90-95°F, wud the temperature is main- 
tained in this range by means of cooling coils. The duration of the stages of fermenta- 
tion may vary greatly with variations in practice, but the boiling stage, which is the 
longest, may take perhaps 20-30 hours. After the “boiling,” fermentation proceeds 
at a slower pace, with a gradual inerease in alcohol conecntration. The time for the 
whole fermentation may vary from about 36 hours up to 40 or even more, depending 
on the temperature, sugar eonceutration, aud other faetors. 

In Europe, a number of plants employ re-use of yeast (90,91,95), which is dis- 
cussed further under “Manufacture from cellulosic raw materials’ (page 271). 

Distillation. ‘Che fermented mash (“beer”) is then distilled to separate (he ethyl 
alcohol from the other constituents of the mash (see “Distillation,” page 264). 


Manufacture from Starchy Materials 


Before starchy materials cau be subjected to alcoholic fermentation with yeast, 
they must be converted to fermentable sugars. This can be done by dinslatie conver- 
sion, either with malt or by one of several processes using molds, or by acid hydrolysis. 


MATERIALS 


The principal starchy materials that may be used in making industrial alcohol are: 
(4) the cereals: corn, grain sorghum, oats, rye, wheat, barley, aud rice (see Cereal 
grains); (2) potatoes; (3) sweet potatoes; and (4) miscellaneous crops, such as 
Jerusalem artichokes. Actually only corn, grain sorghum, wheat, rye, barley, and 
potatoes have been used commercially in the U.S. Rice hag been used in the Orient. 

() Corn, our most abundant cereal, has been used to a considerable extent 
(nearly 200,000,000 lb. in 1937). Wheat, rye, barley, and other cereals usually com- 
mand relatively high prices as foodstuffs; this restriets their use as raw materials l'or 
alcohol, with the exception of beverages. Barley in the form of malt is nsed rather ex- 
tensively as an enzymic agent for the conversion of starch to fermentable sugar, but 
otherwise finds little application for industrial alcohol in the U.S., and ihe use of such 
grains has been limited mostly to beverage-aleohol production. The starch content of 
cereals is about 50-65%; rice contains as much as 80%. 

(2) Potatoes have been used very largely for alcohol production in Germany, 
where they are an important agricultural crop. Special types of potatoes relatively 
high in starch content (about 20% on a wet basis) were developed for the purpose, and 
the technological features of handling the material in small plants were extensively 
worked out. The use of potatoes for alcohol production was designed to benefit agri- 
culture through advantages derived from crop rotation and other benefits of an in- 
direct, although important, character. In the U.S. it has never been attractive com- 
mercially, because corn and molasses represent more abundant, more conceutrated, 
less perishable, and cheaper sources of alcohal. The State of Idaho has operated an ex- 
perimental aleohol plant in an effort to deal with the problem of potato culls. 

(3) Sweet potatoes may be of some interest as a source of industrial alcohol; or, 
in the production of starch, of which some varieties contain 3096 or more, the culls and 
the washings from the starch tables might be used as a source of alcohol. With yields 
of sweet potatoes of 300-400 bu. per acre, tle yield of alcohol per acre would be superior 
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to that from eorn in the U.S., but the sweet potatoes are difficult to store, and thus pre- 
sent a special handling problem. 

(4) The Jerusalem artichoke is a possible souree of alechol, and has been used for 
this purpose in France, but is probably not economically attractive in the U.S. Tne 
chief carbohydrate constituent of the tubers is inulin, which is easily broken down into 
levulose (p-fructose), a fermentable sugar. 

MALT PROCESS 

In this process the diastase necessary for converting the starch to fermentable 
sugar is provided by malt (g.v.; see also AlIeohol?e beverages, distilled; Beer; Emnzymes). 
Malt is prepared by allowing graiu, usually barley, to germinate, during which process 
the desired enzymes are formed. In the manufacture of industrial aleohol, 8-10% of 
malt is used based on the grain. 

After grinding the grain so that the bulk passes 10-30 mesh, the next step is 
"cooking" at about 212-315°F., which is necessary to break the cell walls aud release 
and gelatinize the starch. About 20 gal, of water is added per bu. of grain (56 Ib.), and 
the slurry is heated with steam, up to 40-50 p.s.i.g., in a bateh pressure cooker equipped 
with a motor-driven agitator. The cooking process takes 2.4 to 3 hours. 

After cooking, the mash is cooled to 140-155°F’., the saccharifying temperature, 
and the malt is added in large vessels of 10,000- to 18,000-gal. capacity, which may be 
designed like nutoclaves. 60-70% of the starch in the grains is converted to maltose in 
about 1-2 hours, the remainder being converted to dextrins. ‘lhe converted mash is 
cooled to the fermenting temperature, about 70-80°F., the pH is adjusted, and fer- 
mentation is effected in a total time of about 60-72 hours. 


MOLD PROCESSES 


Amyle Process. In this process, the grain to be hydrolyzed is soaked in water for 
several hours to soften it. It is then mixed with approximately twice its weight of 
water and heated at a pressure of 4 atm. to render the starch soluble. Acidification of 
the mash with 0.6 to 0.8 part by weight of hydrochloric or sulfuric acid per 100 parts 
of grain facilitates the liquefaction of the starch. The sterilized mash is cooled to 
38-40°C. and inoeulated with a pure culture of Mucor or a related mold (see Micro- 
organisms). Mucorrowuri, Rhizopus japonicus, R. tonkinensis, and R. delemar are some 
of the molds that have been used iu the Amylo process. Sterile air is passed through 
the seeded mash for 24 hours, while the temperature is maintained at 38°C. The mash 
is then cooled to at least 83°C. and inoculated with yeast. 

By using a modification of the Amylo process, developed by Boulard, starch 
hydrolysis and fermentation are carried out simultaneously by adding at the same time 
Mucor beulard No. 5 and a yeast. It is claimed that time is saved by the use of the 
Boulard process. 

Certain molds, especially strains of the Aspergillus flavus-oryeae group, are used in. 
the manufacture of diastatie preparations for converting starches to fermentable 
sugars. Taka-diastase (koji) is such a preparation, but is not used on an industrial 
stale in the U.S. 

Moldy Bran Process. Underkofler and his associates claim that higher alcohol 
yields, on the average, may be obtained from corn mashes saccharified by the use of 
moldy bran than from corn mashes saccharified by the use of dried barley malt. It is 
also claimed that the moldy bran can be produced more cheaply than malt. This 
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process has been worked ou a commercial seale (20), although the following deseription 
refers to laboratory work, Approximately 30 grains of bran is mixed with water in 
à 500-1. Erlenmeyer flask to yield 2 mash of 50-70% moisture content. The flask 
with its contents is then sterilized with steam under pressure. The sterilized mash is 
cooled and inoculated with a well-sporulated culture of a seleeted strain o£ Aspergillus 
oryzae, incubated at 80°C., and agitated occasionally during the imeubation period to 
prevent mats or lumps from forming. The well-sporulated bran culture thus prepared 
is used to inoculate a much larger charge (1000-1200 grams) of sterile bran of similar 
moisture content contained in a drum (holding about 5 gal.) capable of being rotated. 
During operation, air is passed slowly into the drum, whieh is maintained preferably st 
a temperature of abont 30°C., and never above 35°C., to favor the growth of the mold. 
During the germinalion period, the drum is rotated for 15-20 minutes or less each 2 
hours. Thereafter the dium may be rotated continuously af not more thau 1 r.pan. 
until, at the end of 40-54 hours, the moldy bran is removed from the drum, sprend 
thinly on a papered surface, and dried at room temperature. Sporulatiou proceeds 
during the drying. Before itis ised, the dried produet is ground in the sume manner as 
malt. 

The corn mash is saceharified by mixing ground moldy bran with iin the propor- 
tion of 8-10 Ib. of bran per 100 Ib. of corn and maintaining the mixture at a tempera- 
ture of 45-600C. for 60 minutes. 


HYDROLYSIS WITIU ACIDS 


This process has been carried out on the laboratory seale in the U.S. The acid 
used for hydrolysis is usnally sulfurie acid. The products to be converted are macer- 
ated, or ground, and imixed with about 8 times their volume of water in acid-resistant 
equipment. A small quantity (usually 0.5%) of acid is then added auel the mass is 
hydrolyzed, with the use of steam tider pressure to facilitate the process, The mash 
may be neutralized by the addition of calcium carbonate or Dine after the conversion is 
complete, the wort being separated from the precipitate of calcium: sulfate by sedi- 
mentation and filtration. By extracting the precipitate with hot water, an additional 
quantity of sugar may be recovered. Ammonia may also be used as a neutralizing 
agent, the ammonium sulfate formed acting as a souree of nitrogen for the yeust. 


MODIFICATIONS OF THI COOKING AND FERMENTATION PROCIESSKS 


Continuous Cooking and Flash Conversion. In this process, a weighed stremu of 
ground grain from the mills is mixed with a metered stream of warn. water in a pre- 
cooker vessel, This snash slurry is continuously pumped at a constant rate to a jet 
heater, where it is rapidly heated to 860°R. by means of steam at a pressure of 180 
pasi. The mash is held at this temperature for 60 seconds as it passes through a length 
of pipe fabricated in the form of a U-tube. The superheated mash is then rapidly 
cooled to 240 240°R, by passing it tangentially into a flash chamber. Ln this step 
approximately 50% of the cooking steam is regenerated at a pressure of 10-15 p.s.i. 
and may be used for other processing purposes. Che mash is theu further cooled to 
145510 by flashing it into a second, vaeumm, chantber. Meanwhile a stream of nulled 
malt meal is mixed with a metered stream of warn water, After allowing this mult 
slurry to infuse for 2 minutes, it is pumped into the cooled, cooked mash slurry ab a 
constant rate, The combined streams of mash are then pumped through a pipeline to 
the mash coolers, In this pipeline the mash is retained for 40 seconds at 145°F., curing 
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which time conversion of the starch to maltose and dextrin is effected. The mash is 
then quickly cooled to 75-87°F. and pumped to the fermenter. Approximately 75% 
of the grain starch is converted to maltose within a very few minutes, and the romain- 
ing starch and dextrin are converted to fermentable sugar by the action of the malt 
enzymes during the fermentation cyele. 

Fast and Continuous Fermentation. The fermentation of a grain mash to alcohol 
is a relatively slow batch process requiring 60-72 hours. In terms of actual plant prac- 
tice, this means the need for a “tank farm” of twenty-four 50,000-gal. fermenters for a 
plant capacity of 10,000-12,000 bu. per day. Bilford eé at. (12), in 1942, described how 
molasses can be continuously fermented in the laboratory by a single vessel in a 5-7- 
hour cycle. Other work has demonstrated that, in the laboratory, the fermentation of 
an acid-hydrolyzed grain mash in au 8-hour period is possible. In the process, a 55,000- 
gal. fermenter is equipped with an external heat exchanger and a centrifugal circulating 
pump. It is filled with yeast and grain mash by the normal practice, but the initial 
temperature must be adjusted to 87°F, Circulation of the niash through the heat ex- 
changer starts and, as soon as the temperature begins to rise, cooling water is turned on 
to regulate the temperature to 90°F. The fermentation is completed iu 40 hours, 
equivalent to a saving of 88-40%. It appears that this increase in rate of fermentation 
may not be entirely explained by the fact that the temperature is at or near optimum, 
but may also be due to mechanical action in the vanes of the centrifugal pump, which 
accelerates yeast growth and fermentation, for it is a well-known fact that agitation 
does speed up these processes. Attempts also have been made to operate this scheme 
on a continuous basis by feeding fresh mash and withdrawing fermented mash simul- 
taneously to a separate vessel where fermentation is allowed to go to completion, but 
difficulties have been encountered with bacterial contamination after about 3 days of 
operation. 


5 


By-Produets 


The principal by-products in the manufacture of fermentation industrial alcohol 
are: (1) stillage; (2) fusel oil; and (3) carbon dioxide. 

Cor oil may be recovered from corn germs removed from the grein before fermen- 
tation. This is oceasionally practiced at aleohol plants, although most of the corn oil 
now produced is a by-product of the cornstarch industry. About 1 to 1.2 Ib. of oil is 
obtained from 1 bu. of corn. Removal of the germ before fermentation does not reduce 
the alcohol yield. Degermination or oil extraction of other grains before fermentation 
is not practiced. (See Fats and fatty oils.) 


STILLAGE 


The stillage or “slop” resulting from the fermentation of the cereal grains is rich 
in protein (28-30% on a dry basis) and in addition has a high content of vitamins, 
particularly of the B-complex (thiamine and riboflavin) with some provitamin A, and 
has a high feeding value, particularly when the cereal germ is not removed (see also 
Feeds, animal). In the past this material was often rejected, causing a stream- 
pollution problem. The beverage-alcohol industry made some attempt to utilize 
the material, often having a herd of cattle maintained near the distillery, but this 
was inconvenient, for the stillage cannot be stored, and the fluctuations in its 
supply did not keep step with those in the demand for it. The growth in the recovery 
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of this valuable food material may be illustrated by ‘distillers’ solubles,” whieh grew 
trom almost nothing in 1938 to nearly 100,000 tons in 1945, while the total production 
of distillers’ dried fecds, distillers’ dried grains and distillers’ solubles was over 
600,000 tons in 1945. 

Simple screening of the stillage gives distillers’ dried grains (“light grains”), and 
some plants sell this as feed, wasting the thin stillage, although this has a high vitamin 
content, Evaporation of the thin stillage to a sirup, which is incorporated with the 
screenings, gives distillers’ dried grains with solubles (“dark grains”). Many plants 
are now equipped to recover all the feed values in this way. 


TABLE ILD. Vitamin Content of Corn Stillage. 


















Vilamin of cnrotenotd - 
ke grain 

Thiamine (B) 3 |-2 
Riboflavin (134) 15-30 7-10 2-3 
Pantothenie acid 21-36 10-13 ded 
Niacin 90-160 40-00 15-30 
Pyridoxine (Bs) 8-10 -== A 
Biotin 0.4-0.5 0.18-0.22 0.04 
Choline 6000-7000 4000-5000 1500-2000 
Carotene 0.8 1.0.4.2 IS 
peAminobenzoie acid 0-10 -== E 
Folic acid 1.0 €— A - 
Zeaxanthin 6.5-8.8 7.5-8.8 8.0 
ory ptoxanthin 3.8 5.0-5.6 D.A 


Iu addition to light, graius and dark grains (further identified ueeording to the 
principal grain origin, as com, wheat, rye) Gonmercial dried products now inelude the 
following: distillers’ semidried solubles Gentisolid distillers’ solubles)-—-obtaiued hy 
evaporating thin stillage to asirup; distillers’ dried solubles-—oltained by evaporation 
and drying of sirup from the thin stillage with drum dryers, spray dryers, or other 
means; high-vitamin concentrates— obtained by speeial recovery methods or bhy re- 
inoculation und refermentation of the stillage; special protein fractious—-obtained hy 
protein-precipitation methods. A significant portion of the value of the original grains 
utilized by the distillers is returned to the farm, and to the national economy, in the 
form of these by-products. It is possible that profits in this field may exeeed (he profits 
from alcohol production, with a marked effect on alcohol-production costs, 

With molasses as the raw material, the stillage does not furnish so attractive a 
cattle feed as the stillage from grain, but it may be concentrated by heat treatment and 
sold as a molasses substitute in feeds, or else as a fertilizer constituent, for it contains 
potussiuin and phosphates in addition to other components. Lt may be used as a core 
binder in foundries, or as an adhesive lor artificial stone (briquets). 


ΜΙΝΙ, ΟΠΗ, 


Small quantities of higher alcohols, principally amyl and butyl in their various 
isomeric forms, are produced in the aleoholie Fermentation, and are believed to arise as: 
degradation products of proteins in the raw materials. They are kuown collectively 
as fusel oil, and in modern plants are separated in the course of rectification, 

The butyl and amyl alcohols, unlike ethyl aleohol, are not miscible with water in 
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all proportions. Thus a mixture of isomeric amyl alcohols, together with water, forms 
tavo liquid layers, the upper containing about, 9.3% of water in amy! alcohols, the lower 
containing about 2.4% of amyl alcohols in water. Since these two layers are in equi- 
libriuin they must have the same vapor pressure. Thus 2.4% of amyl alcohol in water 
exerts the same partial pressure of amyl aleohol as does a mixture of 90.7% amyl aleo- 
hol and 9.395 water, Therefore a small quantity of amyl alcohol in water exeris a 
greatly mereased purtial vapor pressure. 

Amyl aleohol (various isomers) boils at 128-137? C., which is considerably higher 
than the boiling points of either ethyl aleohol or water. Consider a fractionating 
column that is separating the azeotropic mixture of water and ethyl alcohol (190 proof) 
wu. the top, and a product consisting largely of water at the bottom. In the upper sec- 
tion of this column, amyl alcohol, or fusel oil generally, will be condensed and will flow 
down the column with the liquid. But in the lower section of the column, where the 
liquid is largely water, it will show the phenomenon of enhaneed vapor pressure and 
will behave as if actually more volatile than water. Consequently the fusel oil will 
accumulate in the middle of the column, whence it is bled off (see “Distillation,” page 
904). 

Fusel oil is a yellow or brownish, oily liquid, with a nauseating taste and a 
characteristic suffocating odor. Its composition varies according to the source 
(see Table IV). 


TABLE IV. Composition of Fusel Oil. 


Composition of fuse) oil, per cent constituant, from: 








Constiluent 








Corn 7 Molasses Potatoes Rye 
Isopropyl alcohol — 0.6 — omm 
n-Propyl alcohol 20.4-11.7 24.3 6.85 — 
[sobutyl alcohol 23.9-12.2 7.4 24.35 15.7 
-Butyl aleohol =~ &.1 — — 
netive-Amyvl aleohol 11.0-23.4 55.: 08.76 70.8 
Tsoaniyl aleohol 36.3-50.7 
v-Aaunyl aleohol vc 1.8 -- — 
Undetermined ` 4.8-3.0 — 0.04 6.5 


"The quantity of fusel oil produced may vary from 1 to 5 gal. per 1000 gal. of alco- 
hol produeed, depending upon the raw material used, the conditions of fermentation, 
and Ehe mode of operation of the rectifying equipment, Table V gives average figures. 


TABLE V. Quantity of Fusel Oil. 


Vusel oil, gul. Fusel oil, gal. 





Source per 1000 gal. Source per 1000 gal. 
tleohol alcohol 
Blackstrap molasses 4-5 Degerminated corn 2.5-3.0 
High-test molasses 1-3 Wheat 2-3 
Corn 4-5 Rye 2-4 





Crude luse) oil is washed free of ethyl alcohol, and is either sold direct or redis- 
tilled inte fractious to mect appropriate specifications (see Amyl alcohols). It is re- 
covered at practically all industrial-alcohol plants, but not by many distilleries, since 
it is only recovered when high wines are rectified. 
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CARBON DIONI DIS 


The fundamental equation for the fermentation process shows that alinost a ton ol 
carbon dioxide is produced for every ton of aleohol. Carbon dioxide has value for 
carbonating soft drinks and, in the solid form, as a refrigerant. The earbon dioxide 
from fermentation does not require the troublesonie de-dustiug necessity with furnnee 
gases; its purifieation is easy, and results ina very slight additional aleohol yield, 
Nevertheless, recovery of carbon dioxide is not: alwiuys economienl, aud it is seldom 
possible to recover economically more than about 40% of the carbon dioxide produced. 
Solid carbon dioxide cannot be stored lo meet the heavy seasanal demand in summier, 
and storage of liquid carbon dioxide represents a heavy capital expenditure for the 
cylinders. A number of plants now recover part of the carbon dioxide, or sell Ghe gus 
to a subsidiary for recovery. Tn some instances the gas is used at bhe plant for other 
operations, such as methanol synthesis, and thus ibis not marketed (Kee Carbon di- 
oxide). 


Distillation 


In all fermentation processes for producing industrial aleohol, the distillation of 
the alcohol from the dilute solution is an important step. There are many different 
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Fig. 1. Alcohol dislillation, onc-eohumu unit. 


forms of distillation equipment, varying in design aecording to the partieular problems 
to be met for each installation. The most important factors arer (4) the type of 
product desirod— spirits, low-proof aleoholie beverages, or industrial aleohol; (2) the 
quality of product required; and (8) balanee between initial investment and operating 
costs for a given plant capacity. See also Distillation. 

Six units, in iucreasing order of courplexity, are illustrated iu. Figures 1 to 0, aud 
discussed below. While many other designs are in use, those shown ean be taken as 
illustrating the problems that are encountered, and some methods that have been 
adopted for their solution. With only minor differences stich units are suitable for 
plants operating with molasses, grain, or any similar wash where che alcoholic content 
of the beer is at least 6% by volume. 

Figure 1 shows a simple onc-column urit, The heer feed is preheated by the still 
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vapors and then is fed into thetop of the Leer still section. Steam is introduced at the 
base, providing the heat for operation of both the beer-stripping and alcohol-rectifying 
sections of the column. The product aleohol ia drawn off near the top of the column 
while the heads fraction is drawn off from the reflux to the column. The heads fraction 
contains the greater part of the impurities more volatile than ethyl alcohol (such as 
small quantities of acetaldehyde) and thus is less suitable for beverage purposes than 
the product alcohol. A fuscl oil draw taken froni the lower plates of the rectifying sec- 
tion flows to the fusel oil washer, from which a stream of washed fusel oil is obtained. 
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Fig. 2. Alcohol distillation, two-column unit. 


Courtesy The Vulcan Copper Supply Company. 
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Fig. 3. Alcohol distillation, three-column atmospheric unit. 

Figure 2 shows a simple two-column unit. The beer feed is preheated by the recti- 
Eyiug-eolumn vapors and then 18 fed into the beer still. Steam ig introduced at the base 
of the still and the high-wine vapor leaving the top flows to the base of the rectifying. 
colunm, The product alcohol is drawn off near the top of the column while the heads 
fraction is drawn from the reflux to the column, A fusel oil draw taken from the lower 
plates of the rectifymg column. flows to the fusel oil washer, from which a stream of 
washed fusel oil is obtained. 

Figure 3 shows a dhree-column atmospheric unit using the Vulean vapor re-use 
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process with heads-stripping from concentrated alcohol. The beer feed is preheated 
first by the reetifymg-column vapors and then by the spent beer (stillage) leaving the 
base of the beer still. The preheated beer is introduced into a degasser where the non- 
condensable gases are removed and pass to a vent condenser, The degassed leer then 
flows to the beer still where steam is introduced at the base and high-wine vapor leaves 
the top of the still, This vapor flows first to the alcohol reboiler where it is partly con- 
densed, providing sufficient heat to operate the heads-stripping column. The balance 
of the vapor flows to the base of the rectifying column and provides the heat 
needed for operation of this column. Concentrated alcohol is drawn off near the top of 
the column and passes to the heads-stripping column. Vapor-containing heads stripped 
from the product alcohol is returned to the rectifying column. The product aleohol 
is drawn off the base of the heads-stripping colunm (actually from the aleohol reboiler). 
The heads fraction is taken from the reflux to the rectifying column. A fusel oil draw 
taken from the lower plates of the column flows to the fusel oil washer from which 
a stream of washed fusel oil is obtained. 
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Fig. 4. Alcohol distillation, three-colunm vacuum unit. 


Tigure 4 shows a Uiree-column vacuum unit employing a vapor re-use process with 
heads removal from dilute aleohol. The beer feed is preheated by the stillage and then 
passes to the degasser. The operation of the degasser and the beer still are similar to 
those in Figure 3. The high-wiue vapor flows first to the cealandria of the rectifying 
column where it is partly condensed, providing the heat for operation of the purifying 
column. "Phe high-wine condensate is fed into the purifying column where the heads 
are removed as a fraction from the reflux. Dilute alcohol leaving the base of the puri- 
fying column passes to the rectifying column where the product aleohol is drawn off 
near the top. A small heads stream is drawn from the reflux of the rectifying column 
and passes to the purifying column. — F'usel oil draws are taken from the purifying 
column and the rectifying columu and pass to a fusel oil washer from which a stream 
of washed fusel oil is obtained. 

Figure 6 shows a four-column Barbet unit. The beer feed is prehested by the. puri- 
fying-column vapors and ihen is fed into the beer still. Steam is introduced at the base 
of the still. The high-wine vapor leaving the top flows to the middle of the purifying 
column where the heads are removed as a fraction from the reflux. Water is fed into 
the purifying column, reducing the concentration of the alcohol that passes from the 
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hase of the eolumn to the rectifying column. Steain is introduced at the base of the 
purifying column to provide the additional heat required, as well as at the base of the 
rectifying column aud oil-concentrating cohumas to provide the heat needed for opera- 
tion. The product alcohol is drawn off near the top of the rectifying column while a 
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Wig. 5. Alcohol distillation, four-column Barbet unit. 
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‘Fig. 6. Aleohol distillation, six-column unit. 


small heads stream is drawn from the reflux and passes to the purifying column. Fusel 
oil draws are taken from the purifying column and the rectifying column and flow to the 
oil-concentrating column. Concentrated fusel oil draw taken from the oil-concentrat- 
ing column flows to the fusel oil washer from which a stream of washed fusel oil is 
obtained. . 

Figure 6 shows a szz-colummn unit. This system has been devised to produce neu- 
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tral spirits of very high quality by distilling the beer at a very low temperature, thus 
eliminating substances that are formed, in very small quantities, from the proteins of 
the yeast cells when they are heated. The pressure drop through a plate column would 
raise the boiling temperature to too high a value, and so a column of very special design 
is used. The temperature of the beer is not over 90°F. The beer feed is fed directly to 
the Vulean spray column. Steam generated in the evaporator by the vapors from the 
purifying column and the rectifying column enters the base of the beer still. Vapor 
flows up the beer still passing through a number of sprays of the beer, which is alter- 
nately sprayed, then drawn from the still, and resprayed into the next lower chamber 
in the still. This operation produces intimate coutact between the beer and the vapor. 
The high-wine vapor is condensed in the top ol the beer still and passes to the oil- 
stripping eolumn. Overhead condensate containing fusel oil and heads in dilute solu- 
tion is passed to the oil-coneeutrating eolumn. Steam is introduced into the base of 
the oil-stripping column as well as the other four columns to provide the necessary 
heat. The dilute aleohol from the base of the oil-stripping column passes to the purify- 
ing column and from there to the rectifying column. "he product alcohol is drawn off 
near the lop of the rectifymg column. Heads fractions are drawn from the reflux 
streams to the purifying column and to the rectifying column and, together with the 
heads drawn from the reflux to the oil-eoncentrating column, pass to the aldehyde 
column. This column serves to concentrate the heads to a sufficient pomt so that the 
product drawn from the reflux can be destroyed without tax payment. The dilute 
alcohol from the base of this columu is returned. to the high-wine feed to the oil- 
stripping coluinn. Fuscl oil draws are taken from the rectifying column and the puri- 
fying column and flow to the oil-concentrating column. <A concentrated fusel ot] draw 
taken from the oil-concentrating column flows to the fusel oil washer from which a 
stream of washed fusel oil is obtained. 

Comparison of Product Quality. The six-colunmm unit produces the highest grade 
of neutral spirits obtainable at the present time, much superior to the quality of spirits 
produced in the conventional four-column Barbet wit. The three-column vacuum 
unit produces neutral spirits equal in quality to that produced by the Barbet unit, 
while the three-column atmospheric unit is designed to produce a high grade of indus- 
trial aleohol. The two-column unit is designed for production of low-proof alcoholic 
beverages such as rum or brandy, or it can be operated to produee high-proof whiskies 
or other types. The unit can also be used to produce industrial alcohol of a lower 
grade. The one-column unit or “one-shot”? still is much the same as the two-column 
unit, but its use is primarily for low-grade industrial alcohol. 

Comparison of Initial Investment and Operating Cost. The onc- and two-column 
units have the least amount of equipment and, therefore, require the lowest initial in- 
vestinent. The threr-column atmospheric unit requires somewhat more equipment, 
but docs not require any more steam for operation. These three units can be operated 
on, approximately 20 lb. of steam per gal. of 190-proof aleohol produced. When this 
consumption is compared with the usual figure of 34 Ib. per gal. for the conventional 
Barbet unit (Hig. 5), it can be seen that the three-column atmospheric unit offers a con- 
siderable advantage both in initial investment and operating cost where a high-grade 
industrial alcohol is desired. 

Tho three-column vacuum unit requires additional equipmont and more expensive 
equipment because of the vacuum operation. However for the production of neutral 
spirits, the unit offers a considerable saving in operating cost compared to the Barbet 
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unit, inasmuch as steam consumption is approximately 18 ]b. per gal. of alcohol pro- 
duced. 

The six-colunm unit is, of course, very much more expensive due to the large num- 
ber of columns and the vacuum heer still of special design. Steam consumption of this 
unit is also relatively high, although the re-use of vapor is of great assistance in keeping 
steam consumption down. ‘The justification for this unit lies mainly in the extremely 
high quality of the neutral spirits produced. In addition it should be noted that the 
spirits produced constitute over 99% of the total alcohol in the beer (see also Table 


VI). 
Anhydrous Alcohol 


1t will be seen from Figure 7, which gives the vapor-liquid composition curve for 
the system ethyl aleohol-water, that straight distillation can never yield an alcohol 
stronger than the eonstant-boil- 
ing mixture (97.295 by vol.). 
For many of the uses of alcohol 
further dehydration is not re- 
quired. However, lor various 
uses an anhydrous solvent is 
desired and in some chemical 
syntheses absolute alcohol is 
necessary. When aleohol is 
used as a fuel for internal-com- 
bustion engines, complete re- 
moval of the water is necessary, 
and for this reason the produc- 
tion of absolute alcohol has been 
of considerable importance in 
many European and South 
American countries. In the 
U.S. absolute alcohol amounts 
to only a small proportion of 
the total production. 

Methods of preparing an- 
hydrous alcohol can be divided into two classes, those that depend on depressing the 
vapor pressure of water, and those that depend on enhancing the vapor pressure of 
water, or depressing, relatively, the vapor pressure of alcohol. 

Tn the first class is the classical laboratory method of distillation over quicklime. 
Other hygroscopic solids that have been used are anhydrous calcium acetate, aluminum 
oxide, and anhydrous copper sulfate. These methods have little commercial impor- 
tance, Eygroscopie liquids, such as glycerin and ethylene glycol, have heen enployed. 
They are introduced into the rectifying column, and come out at the bottom carrying 
the water, while anhydrous alcohol is obtained as the distillate. 

Tu the second class of methods use is made of liquids miscible with alcohol but of 
limited miscibility with water, so that the partial vapor pressure of small amounts of 
water is enhanced (see ‘Fusel oil,”’ page 262). Liquids so used are known as entrainers, 
and the operation is called azeotropic distillation (see Distillation). 

The earliest of these methods used benzene (b.p. 80.1°C.), which is imaniscible 
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Fig. 7. Vapor-liquid composition. 
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with water but completely miscible with alcohol. The system water-ethyl alcohol- 
benzene possesses an azeotropic mixture (constant-boiling mixture) of composition 
7.5% water, 18.5% aleohol, and 74.0% benzene. Starting with 190-proof alcohol and 
benzene, in approximately equal quantities by volume, it is possible, in a very efficient 
column with ample reflux, to obtain a distillate of tho azeotropie composition, Pure 
ethyl alcohol, although by itself the most volatile of the three componenta, is obtained 
at the bottom of the column. 


TABLE VI. Comparison of Various Distillation Processes. 
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tem (Fig. 5) 6.95 | 20 30 54^ 2.214 | 34 
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Source: reference (83). 

* Enriching section only. 

» Enriching and exhausting sections, . 

e The main rectifying column may be used for concentrating aqueous alcohol from the stripping 
column, providing sufficient excess capacity is present. 

#“Guinot-Melle” method of atmospheric distillation requires 22-23 lbs, of steam per gal. of 
product, anhydrous alcohol. 
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The distillate separates into two layers. These are decanted, and the upper layer, 
consisting of 84.5% benzene, 14.5% alcohol, and 1% water, and amounting to 84% by 
volume of the distillate, is returned to the feed. he lower layer, consisting of 58% 
alcohol, 36% water, and 11% benzene, is seut to a column in which it: is stripped of 
benzene; it then contains about 60% alcohol, which must be concentrated, usually in a 
supplementary column. In some cases water is added to the distillate before decanta- 
tion; this gives a larger volume of water layer containing, however, less benzene to be 
recovered, 

Many other liquids immiscible with water have been used as entrainers, such as 
toluene, ethyl acetate, hexane, and chlorinated hydrocarbons. | All these work similarly 
to benzene, and all give a ternary mixture ag the distillate. "l'ho Drawinol process uses 
trichloroethylene. 

The use of ether as an entraining agent (56,83,84,99) introduces an important 
difference, in that no alcohol appears in the distillate. The distillate is a binary mix- 
ture of ether and water boiling at 34.15°C., which is 65° lower than the boiling point of 
water aud almost 45° lower than that of alcohol. The whole of the aleohol in the feed 
is obtained as anhydrous at the bottom of the column. | 

At atmospheric pressure the azeotropic mixture has the composition 98.75% ether 
and 1.25% water (by weight), nearly 80 parts of ether for one of water, and the solu- 
bility of water in ether, at 15°C., is 1.15%, so that nearly all the water in the distillate 
dissolves in the ether. The lower layer is exceedingly small, 1.25% — 1.15%, or 0.1%. 
The operation is impractical at atmospheric pressure because of the small amount of 
water in the lower layer, but at higher pressures the composition of the azeotropie mix- 
ture is very much more favorable (at 120 p.s.i. it has over 4% water). Since the solu- 
bility of water in ether increases with temperature, tle decantation should be made at 
as low a temperature as possible, preferably about 15°C. The ether layer, although 
containing a small percentage of water, can be fed back to the column as reflux, The 
water layer is freed from ether in a supplementary still and can then be discarded, as it 
contains no alcohol. 

Owing to the large differences in boiling pomt encountered with the ether system, 
the separations are simpler, and fewer plates are required in the columns than with the 
benzene system, Also one column is eliminated, that in which the alcohol in the water 
layer is recovered. It can be shown that the ether system uses the theoretical mini- 
mum number of pieces of equipment for an azeotropice separation Table VI gives a 
comparison of the number of plates required, and the steam consumption, in producing 
96% aleohol or anhydrous alcohol by various processes. While the totals of plates re- 
quired are not, of course, strictly proportional to installation costs, they give an idea of 
the greater simplicity of the ether method. 

The alcohol produced is entirely free of water, and contains no more than a very 
small quantity of ether; since ether is in almost all its reactions either similar to alcohol 
or more inert, itis oxtremely unlikely that this minute quantity of impurity would be 
of moment in any work however exacting. 


Manufacture from Cellulosic Raw Materials 
In this section are discussed the preparation of alcohol from cellulose, and from 


the waste liquor from the manufacture of wood pulp by the sulfite process (see Pulp; 
Wood). ᾿ 
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DIRECT PRODUCTION FROM WOOD 

The utilization of wood for the production of ethyl alcohol entails two essential 
steps: (1) the hydrolysis of the cellulose of the wood to simple sugars; and (2) the 
fermentation of these sugars to alcohol by yeast in the usual manner. There are 
several general processes for carrying out the hydrolysis step. The cellulose muy be 
saccharified by hydrolysis either with acids of low concentration at comparatively high 
temperatures, or with highly concentrated acids at comparatively low temperatures. 

Considerable experimentation has heen carried on in the U.S. in attempts to 
utilize sawdust and mill wastes for alcohol production, and during World War I two 
plants (at Fullerton, Louisiana, and Georgetown, South Carolina) produeed ethyl 
alcohol commercially from sawdust. In the early work, wood chips were subjected to 
one short treatment with dilute sulfuric acid. Yields equivalent to 20-28 gal. o! 100% 
alcohol per ton of dry coniferous wood were obtained in small-seale experimeutal pro- 
duction, the yield being considerably less with the wood of broad-leaved trees. lu 
plant operation, yields ranging from 21 to 23 gal. of 100% aleobol per ton of dry 
Southern pine wood were obtained. ‘Che combined output was about 6,000,000 gal, 
annually. This method has been designated as the American process. However, 
alcohol yields were too low for economice success tu Competition with low-cost black- 
strap molasses. . 

Alcohol production from wood wastes was intensified abroad, within tle yours 
preceding World War II, because of the need for alcoliol for motor fuel, Two processes 
were developed in Germany in which high yields of alcohol are obtained. In one of 
these processes (Scholler), dilute sulfuric acid of 0.2 to 1.0% conceutration is passed 
through layers of sawdust or wood chips, under pressure, and at a temperature of 170- 
180°C. The sugar producedin the hydrolysis is casily destroyed by the seid, and must 
be quickly and continuously removed. A hydrolyzate containing about 4% of sugar is 
obtained. The free acid is neutralized with lime, and the wort is filtered, after which it 
is fermented in the usual manner. Yields of over 50 gal. of 100% alcohol per ton of dry 
coniferous wood are obtained (or, alternatively, considerable quantities of yeast suit- 
able for livestock feeding), as well as other sugars wnfermentable by yeast, and residual 
lignin. Over a dozen commercial plants were operating on this process in Turope dur- 
iug World War II. 

In the second (Bergius) process, concentrated (40-45%) hydrochloric acid was 
used as the saccharifying agent. Sugar produced by the Bergius provess must be re- 
hydrolyzed before it cau be fermented. The use of concentrated acid requires special 
acid-resistant material for equipment and necessitates the recovery of the acid, both of 
which complicate the proeess and increase the capital charges. Tor this reason, the 
Bergius process has not beem as commercially attractive as the Scholler, especially 
since the latter process, or modifications thereof, permits variations in degree of 
hydrolysis. 

A modification of the Seholler proeess proposes only partial conversion of the 
cellulose with reduced alcohol yields (18-20 gal.), so as to leave utilizable residues. 
This, however, has not been attempted commercially. 

Another process, which also is a modification of the Scholler process, has been de- 
veloped under the sponsorship of the War Production Board at the Forest Products 
Laboratory, Madison, Wisconsin, and takes advantage of the kineties of eolhulose 
saccharification. This process, in 3-5 hours, converts bark-free wood into sugar solu- 
tions containing 5-6% reducing material, which on fermentation produces alcohol at 
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rates of 50-60 gal. per ton of wood. A residue of about 30% of the original wood re- 
mains, which is presently used for fuel and which may have value for plastics. Hye 
drolysis with formie acid has been proposed by Guinot (38). 

The relative valuc of conversion processes for woud as a source of alcohol will de- 
pend on the cost, of the raw material and processing, and on the utilization of the lignin 
and other residues so as to sceure additional credits. Alcohol costs of 20-25¢ per gal. 
have been estimated by proponents, but such production costs depend on the actual 
utilization of residual lignin or lignocelluloses. These residues may be suitable for 
plastics or as soil conditioners. Vast amounts of aleohol might be produced from 
annual wood wastes or from cellulose in general, if an economical process were per- 
fected. Some of the other sugars (principally pentoseg) that are formed: in the hydroly- 
sis, but uot used by the yeast in the production of alcohol, may be utilized for the pro- 
duction of furfur al, ete., or as stock-feed ingredients. 

. Wood wastes exist i in large quantities. In the ordinary lumbering operation ouly 
about one-third of the tree is recovered as finished lumber. Eeonomie utilization of the 
remainder for aleohol production would depend on location or concentration of these 
wastes at selected points i amounts sufficient to permit economical aleohol operation, 
as well as on the type of process used. These wastes sometimes are concentrated at 
one spot, particularly os sawdust. However, a considerable amount of sueh waste is 
now used as fuel. 

It can be estimated that a plant of minimum size economically (4000 gal. of alechol 
per day), operated by the American modified Scholler process, would have to utilize 
from 66 to 80 tons of wood waste per day to produce 1,400,000 gal. of alcoliol per year. 
"The number of operating mills of size sufficient to permit adjunct hydrolysis operations 
is somewhat limited. 

Sinilarly, eellulosie agricultural residues could be used instead of wood by these 
sume processes. From 1 to 11/: th. of straw, corn stover, etc., are produced for every 
lb. of grain raised, so that huge quantities of cellulosic material are potentially avail- 
able. However, these are normally scattered through fanning areas, and the cost of 
collection is an important factor. In some instances these farm residues are collected 
as by-products at central points in ordinary food- or textile-processiug operations (as 
eorncobs, rice hulls, sugar-cane bagasse, oat hulls, flax shives, and peanut hulls). 
These are now frequently used as fuel, although in afew cases, such as oat hulls for 
furfural manufacture and bagasse for insulation board, the concentrations are suffi- 
ciently large to support existing important supplementary industrial operations. In 
making alcohol from this class of material, furfural might be reclaimed as a by-product 
to reduce overall costs, since a two-stage process, selectively hydrolyzing the cellulose 
to produce five- and six-carbon sugars in succession, can be used. Economical opera- 
tion may involve finding markets for residual lignin. 


OPERATING DETAILS 


The Scholler process plant at Tornesch, Germany, recovered about 1000 Ib. of 
sugars from a tou of dry waste, sufficient to make about 50-60 gal. of alcohol or «bout 
500 Ib. of feed yeast containing 5095 protein. . (All weights are given on the basis of dry 
substances.) Steel hydrolyzers, 45 ft. high and 8 ft. in diameter, were charged with 10- 
19 long tons of sawdust aud other wood wastes under low steam pressure. The 
hydrolyzers were lined with acid-registant brick. After the contents were preheated to: 
265°F., 4 0,895 solution of sulfuric acid was introduced at the top and forced throug!" 
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the wood wider 35 p.s.i. Sugar solution was withdrawn at the bottom. Successive 
batches, alternating with rest periods, ranged from 3000 to 2000 gal. each. As the 
volume of these batches was reduced, pressure and temperature were increased. 
Final batches went through at about 375?F. and 180 p.s.i. The water-to-wood ratio 
was 12 to 1. "This 10-ton cycle resulted in about 30,000 gal. of wort ol 3-496 sugar, 
about 80% fermentable. After neutralizing, the wort (hydrolyzate) was filtered and 
was then ready for fermentation into aleohol or for yeasting into feeding yeast, In 
each hydrolyzer there was a residue of about 6000 Ib. of lignin (600 Ib. per ton of wood), 
which was expelled by steam pressure into a cyclone. The lignin thus produced was ¢ 
fine, brown powder. Hydrolyzate, emerging [rom the hydrolyzers at about 334°F., 
flowed through coil heat exchangers to preheat water used for subsequent batches. 
This entire cyele required about 20 hours, each acid batch remaining in the cylinder 
from 45-90 minutes. 

In the U.S. a plant using 220 tons of dry wood wastes daily has been erected in 
Springfield, Oregon, to use the process developed at the Forest Products Laboratory, 
Madison, Wisconsin. Five percolators, lined with Herculoy instead of brick, have a 
capacity of 14 tons of dry wood substance cach. Steam pressure increases from 50 Ib. 
at the start to 150 1b. at the end. Acid concentrations range from 0.85 to 0.40%. In- 
troduction of acid and removal of sugar solution is continuous and requires 4-5 hours. 
Lignin, after being blown into a cyclone, is pressed to a moisture content of 60% and 
then used as fucl in the boiler. This use of lignin, however, is regarded as an expedient, 
only until more profitable utilization ean be developed on a mass scale. Such a plant 
produces 65-75 tons of lignin daily. Liquors from the percolators are flashed to 35 Ib., 
neutralized with lime, filtered, and subsequently flashed again. Steam from flashings 
preheats water for later batches. The wort then contains 5-6% sugars, 80% ferment- 
able. Fermentation, in the presence of nitrogen and phosphorus nutrients, results in a 
beer containing 2% alcohol by weight. Production of 52 gal. or more of 190-proof 
ethyl alcohol per ton of wood waste containing 20% bark is obtained from a 20-hour 
fermentation, Thus, tle 220-ton plant can produce more than 11,000 gal. of aleohol 
daily. Daily requirements include 1,900,000 gal. of water; 1,106,000 Ib. of steam at 
190 p.si.; 26,500 Ib. of sulfurie acid; 900 hp. of clectric power load; and 1700 eu.ft. 
per min, of compressed air. 


PRODUCTION FROM SULFITE WASTE LIQUOR 


Alcohol may be obtained by fermenting the waste liquors from the sulfite pulping 
process; in this case the source of the alcohol, ultimately, is wood, but it ig obtained as 
a by-product of the process for producing paper pulp. The pulping process aims at 
separating lignin and some hemicellulose from the usable cellulose fiber. Derivatives 
of these separated compounds, together with fermentable sugar from the less-resistant 
fractions of cellulose, appear in the waste liquor. While alcohol recovery from this 
sourec has been commercially successful abroad, particularly in Sweden, the first com- 
mercial attempt in the U.8., at Mechanicsville, New York, was unsuceessful and was 
abandoned because of various uneconomical conditious. An admixture of molasses is 
helicved to have been used in this plant to improve the alcohol recovery. 

The waste liquor from the sulfite process contains [rom 2 to 3.5% of sugar, of 
which about 65% is fermentable to alcohol. Before such a liquor can be fermeuted, 

, however, the sulfur dioxide, as well as the acetic and formic acids present in the solu- 
gion, must be neutralized, usually with lime. The sulfur dioxide gas used for the 
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original pulping action ean be largely removed by aeration, before neutralization, if de- 
sired. Special types ol yeast may be required. Alcohol yields are about 1% of the 
volume of liquid fermented; hence relatively large distillation capacities are required. 

During World War II two conunereial plants operating on sulfite liquor were 
operated in North America, one in Thorold, Ontario, in 1943 and the other in Belling- 
ham, Washington, in 1945. Yields of 18-22 gal. of aleohol per ton of pulp produced are 
claimed; a, distinctive feature of the process is the re-use of the yeast. The alcohol 
yield may be raised to 27 gal. per ton of pulp, if all sugars are recovered. Previous 
difficulties of the process were the extreme dilution of the solutions, the expense of pre- 
purification of the liquors, and the waste of notfermentuble sugars. It is claimed that 
future costs based on large operations may be as low as 12¢ per gal., although 20¢ 
would probably be a safer estimate. 
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Fig. 8. Alcohol from waste sulfite liquor. 

Figure 8 gives a flow sheet of the Belliugham, Washington, plant. Removal of 
sulfur dioxide from the waste sulfite liquor is accomplished by stripping the liquor with 
steam, by countercurrent flow in a column, approximately 8 ft. in diameter by 45 ft. 
tall, fabricated of stainless steel to the general pattern of a distillation column having 20 
plates. Liquor enters at the top and steam at the bottom. Sulfur dioxide and steam 
are discharged out the top and are salvaged by injection into the digester cooking acid. 
"The sulfur recovery umounts to about 20 lb. of sulfur per ton of pulp and offsets the 
cost of the steam required. The composition of the sulfite waste liquor discharged at 
the bottom varies depending on the steam input. Stripping results in complete re- 
moval of the free sulfur dioxide and part of the loosely combined sulfur dioxide. The 
pH of the stripped liquor varies between 3.8 and 4.2 depending upon the grade of pulp 
being cooked. Although the column is equipped with control instruments to deliver 
automatically a product of constant pH, it is normally operated at a fixed steam- 
liquor ratio of 1 Ib. of steam per 2 gal. of liquor feed. Part of the heat input is recovered 
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in the digester cooking acid. The sulfite waste liquor from the base of the stripping 
column is pumped to the alcohol-plant buildiug for continuation of liquor preparation. 

The acidity of the sulfite waste liquor can be sufficiently reduced by stripping 
alone to make further trcatment uunecessary, but for best economy it usually proves 
desirable to add lime. The lime is added as a 10% water slurry injected into the sulfite 
waste liquor at a point just ahead of the coolers. The equipment consists of an outside 
lime-storage bin, two agitated lime-slurry tanks, and the necessary pump. A pH con- 
troller regulates the amount of lime addition. The sulfite waste liquor is adjusted to a 
pH. of 4.5 for fermentation. The quantity of lime averages about 3 Ib. of lime per 1000 
gal. of sulfite waste liquor treated. 

After lime addition, the liquor is cooled to a temperature of 32°C. Cooling is 
accomplished by two-stage flash evaporation under high vacuum, as this method has 
the advantage of concentrating the liquor at the same time that il is being cooled and 
also of eliminating additional amounts of sulfur dioxide. Concentration. is in the order 
of 12%, which results in proportional reduction of costs during the subsequent steps of 
processing. 

The essential feature of this process is that after fermentation, the fermented wort 
is run through a centrifugal separator to remove the yeast. This yeast is then re-used 
in a following fermentation in the operating cycle. The basis of this process is that 
when yeast is present in a suitable mediun containing sugar, the course of the resulting 
fermentation tends to divide into two stages. In the first stage, the yeast cells multi- 
ply, using sugar for food, until they become crowded. During this stage there is maxi- 
mum growth of yeast and minimum production of alcohol. In the second stage, the 
yeast reduces its rate of budding, or division, and continues to feed on the remaining 
sugar present. During this stage there is minimum growth of yeast and maximum 
production of alcohol. The purpose of re-using the yeast is to establish at once in each 
new fermeutation the same high concentration of yeast cells that was present at the 
end of the previous fermentation. „In this way the fermentation is limited to the second 

stage and the alcohol yield, therefore, is improved. 

' Under any given set of conditions there is a fairly narrow concentration range of 
yeast cells per unit volume above which the rate of yeast growth diminishes very 
rapidly. Operation throughout the entire fermenting eyele at yeast concentration in 
excess of such eritieal value offers important advantages in the case of waste sulfite 
liquor. Since large volumes of fermenting Hquor are involved, prolific-yeast growths 
must ensue before the critical concentration is reached if the initial inoculum is small. 
This yeast growth is obtained at the expense of sugar, which would otherwise produce 
aleohol. At the same time, because waste sulfite liquor is, at best, a dilute sugar solu- 
tion, the sugar required for yeast growth represents a greater proportion of the total 
than in the case of more concentrated sugar solutions from molasses or grain. The 
advantages of the yeast re-use process in increasing alcohol yields are, therefore, much 
greater in the case of waste sulfite liquor than in application to the more conventional 
raw materials. 

Fermentation is carried out in eight interconnected fermenters of 80,000-gal. 
capacity each. To the liquor being pumped from storage is injected measured propor- 
tionate amounts of urea and yeast. The liquor enters the first fermenter, overflows 
into the second, and so on through to the last fermenter whereupon fermentation is 
complete. From 70 to 80% of the fermentable sugars are fermented in the first two 
fermenters and about 95% of the fermentable sugars are converted to alcohol in the 
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complete cycle. Fermentation time has been varied between 12 and 20 hours. This 
short fermentation time, priucipally due to the climination of the yeast-multiplication 
stage, can also be attributed partly to the adequate mixing provided in the fermenters, 
which keeps the yeast cells in suspension, and partly to the [aet that the yeast is accli- 
matized through re-use. 

Control of fermentation consists of regular measurement of the sugar concentra- 
tion of the liquor entering and leaving the fermenters and the alcoholic content of the 
fermented liquor. "Phe yeast is examined daily under the microscope for viability and 
cell count, 

Separation of Yeast and Re-use. This separation is performed in seven stainless 
steel DeLaval centrifuges similar in construction to cream separators., Fermented 
liquor from the last fermenter is pumped to a head tank that distributes liquor to each 
of the centrifuges at a regulated rate of flow. The fermented liquor containing about 
1% yeust by volume is split into two streams, one containing approximately 15% 
yeast by volume and the other 0.02%. The yeast concentrate is returned to the fer- 
menters and the clear liquor flows to storage tanks. Part of the fermented liquor is by- 
passed around the centrifuges for the purpose of continuously purging the fermenters 
of yeast and solids, which might otherwise aceumulate in the system, and also for the 
purpose of promoting some new yeast growth. 

In the distillation the product passes, after the rectifying column, to a still for 
stripping off methanol, which is a by-product of the process. 


Synthetic Alcohol from Hydrocarbon Gases 


Two distinct processes are discussed here: (7) the hydration of ethylene to ethyl 
alcohol, and (2) the hydrogenation of carbon monoxide. 


ALCOHOL FROM. ETHYLENE 


Source and Purification of Ethylene (g.v.). This synthetic-aleohol process was 
first developed using ethylene from coke-oven gas, which contains about 2 to 3.5% 
ethylene. In the eeonomy of this country petroleum is a more economieal starting 
point. The potential supply is enormous; the average petroleum refinery employs 
mixtures of ethylene with other by-product gases as fuel for boilers. To make ethylene 
in quantity ealls for adjustment in the usual refinery practices. This is important in 
the production of alcohol because, if the proper amount of ethylene is not produced as 
scheduled, the alcohol plant cannot operate on a definite timetable. Data on once- 
through fluid-catalytic-cracking operations may be interpreted to inclicate that some 
9% of the Cy-and-lighter fraétion consists of ethylene; the yield of this fraction ranges 
from 6.0 to 14.5% of the charge. Vapor-phase cracking can yield a gas containing 20- 
25% ethylene, anc higher percentages of ethylene eau be obtained by cracking ethane- 
propane mixtures, or the propane-butane cut of stabilizer gus. Fractions containing 
varying perccntages of ethylene can be obtained in the course of operations designed 
for other products, such as butadiene and isoprene. 

Provided that the ethylene content is sufficiently high, the saturated hydrocar- 
bons, chiefly methane and ethane, need not be removed. However, most of the higher 
olefins must be removed to prevent excessive polymerization. The early method of 
separation consisted of absorbing the propylene and butylenes in about 85% sulfuric 
acid, which removes very little of the ethylene. Another method (88) is absorption of 
the higher olefins in a hydrocarbon absorption oil. 
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Chemistry of the Process, The direct, hydration of ethylene to ethyl alcohol is 
limited, thermodynamically, to rather low conversions (see below under “Direct hydra- 
tion process”). However, the reaction can also be carried out indirectly by first treat- 
ing the ethylene with sullurie acid, forming ethylsulfuric acid (ethy! hydrogen sulfate) 
and diethyl sulfate. 

ChL -+ HS0, —— OHHO., 
CHASO, -+ Fh > (CHa) Οι 





The ethylsulfuric acid and diethyl sulfate, on treatment with water, hydrolyze to ethyl 
alcohol and sulfuric acid. 
GILEASO + GO ———— GHLON + LSO 
Some ether is usually formed from the reaction hetween ethyl aleohol and unhydro- 
lyzed ethylsulfuric acid. 
CHOH + CH: HS0 





> (CHO + S04 


This process, which amounts to an indirect hydration of ethylene, is not limited 
by the equilibrium of the direct hydration, because the equilibrium is disturbed by 
diluting the concentrated acid solution. The free-energy change of dilution of the acid 
is therefore added to that for the direct hydration, so that almost quantitative yiclds 
are thermodynamieally possible. This process has, however, the undesirable feature 
that relatively large amounts of dilute sulfuric acid must be reconeentrated unless 
there is some other outlet for the dilute acid in the same plant. 

In order to avoid the reconcentration of sulfuric acid, efforts have been made to 
develop a process that uses dilute acid throughout. The formation of ethyl sulfates 
and their hydrolysis are carried out in the same equipment, and the sulfuric acid is, in 
effect, acting as a catalyst. High pressures and relatively high tempcratures are re- 
quired. Thus Metzger (89,92) bubbled ethylene and steani at 600-1000 p.s.i. and 
250°C, through sulfuric acid in a vessel paeked with Raschig rings; a conversion of 
1095 was claimed. Lewis (93,94), by using the countercurrent principle, obtained 
much higher yields; 90% was claimed; a large quantity of sulfuric acid is circulated, 
in order to keep the alcohol concentration low, thereby reducing ether formation. 
However, the high operating pressure necessitates special equipment, and very severo 
corrosion problems are encountered in handling 8% sulfuric acid at 250°C. ‘This 
process is not operated commercially. 

Direct Hydration Process. The reaction CH, + LO — C&,H;OH is exo- 
thermic, — AH = +10,964 cal. at 15°C, Aston (6) gives values for the free-energy 
change, which lead to values for log K as follows: at 300°K., 1.119; at 400°K., 
—0.81; at 500°K., —2.02; at 600°K., —2.80. The equilibrium is favored by low 
temperature and high pressure, and the conversion to ethylene is favored by having a 
high ratio of ethylene to water, so far ag it is economical to do this. At the lower tem- 
peratures the pressure cannot; be Inereased indefinitely because the water would con- 
dense, thereby changing the equilibrium unfavorably, and at higher temperatures in- 
crease of pressure tends to cause polymerization of the ethylene. At 200°C., and with 
the water-to-ethylene ratio at 2 to 1, the equilibrium reaches 20% conversion at 300 
p.s.i., but at 300*C., and with 5 to 1 water-to-ethylene, equilibrium conversion is only 
15% at 1200 p.s.i. 

At the low temperatures necessary for favorable equilibrium the reaction rate is 
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slow, and therefore catalysts must be used. Commercial utilization of the process has 
been proposed, presumably with efficient catalysts, although published data indicate 
only rather low conversions. At 290°C, and 1500 p.s.i. (conditions under which the 
equilibrium conversion is only 8%), conversions of 2-4% were obtained with a contact 
time of 60 seconds. Britisb investigators have used, as catalysis, complex phosphates 
of many metals, including iron, nickel, calcium, strontium, barium, and magnesium 
(2). Dodge and co-workers (13,27) found aluminum oxide the most active eatalyst of 
about twenty materials, including oxides aud phosphates of aluminum, thorium, and 
tungsten. 

Side reactions are not important at moderate temperatures and pressures. Dodge 
found polymerization at 850°C., hut not at 320°C. or below. The British workers did 
not mention polymerization or ether formation at 150-300°C, and pressnres up to 1500 
p.8À. 
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Fig. 9. Alcohol (rom ethylene. 


Since the conversion per pass is necessarily low, recycling is required, and a com- 
paratively concentrated source of ethylene must be used to prevent the inerts from 
building up to too high & concentration. 

Sulfuric Acid Process. This process may be compared with the similar synthesis 
of isopropyl aleohol from propylene (sce Propyl alcohols). Propylene is abundant in the 
gases produced iu many refineries, and does not require special processes for its prepara~ 
tion, as does ethylene. Furthermore, propylene is more readily absorbed in sulfuric 
acid; the more difficult absorption of ethylene necessitates special equipment to with- 
stand corrosion. Brooks (21) has presented data on the rate of absorption of ethylene 
in sulfuric acid at various pressures. Many catalysts for this absorption have been 
tested (49). Silver sulfate has been found effective and also compounds of copper and 
of metals of the iron and platinum groups. 
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The process is operated commercially, and Figure 9 shows a flow shect. The 
ethylene-containing gases make contact with sulfuric acid, of about 071/2% strength, in 
an absorbing tower. ‘The tail gases from the tower, after being scrubbed with caustic 
soda, can be used as fuel. "The liquid product from the absorHZAg tower, containing 
ethyl hydrogen sulfate and diethyl sulfate, passes to a hydrolysis chamber, and 
then to à eotumn in which it is further hydrolyzed and stripped of alcohol and ether 
vapor. The mixed vapors of aleohol, ether, and water, after being serubbed with 
caustic soda, are condensed and sent toa crude aleohol storage tank. In the aleohol 
purification section, an ether colunm takes off the ether, which ts washed aud sold as 
a by-product; the alcohol is then rectified in one column. A very pure product is made, 

The sulfuric acid loaves the system as a black, dilute aeid from the alcohol stripper. 
Reconeentration of the dilute acid, in one American plant, takes place first. in an acid 
reboiler, which brings the concentration up to 70%; the steam evaporated is returned 
to the stripper. For further concentration this plant uses a Simenson-Mantius two- 
stage vacuum system (sec Sulfuric acid), which is said to concentrate sulfuric acid 
without causing objeetionable fumes. In the first coneentrator the acid is brought up 
to 89% under 2.5 p.s.i-a.; in the second itis brought to the final desired concentration 
at 0.4 p.&ia. Because of the low pressures the acid temperatures are kept below 
370?F., but since, even at this temperature, steam as a heating medium would require 
very considerable pressures, Dowtherm A vapor is used; this gives a temperature of 
575°FR, (thus providing ample temperature drop) ata pressure of only 20 p.s.i.g. 


MANUFACTURE FROM HYDROGUN-CARBON MONOXIDE MINTUR IGS 


A potentially important source of ethyl aleohol is tlie "Synthine" or "Synthol" 
process, using natural gas as a raw material. The proecss may be regarded as a variant 
of the Fischer-Tropsch process (see Fuels, liquid synthetic). The first step is a partial 
combustion of the natural gas to a mixture consisting largely of carbon monoxide and 
hydrogen: the reaction is similar to the water- gas reaction, and oxygen is used instead 
of air to avoid dilution with nitrogen. The mixture is then passed over a eatalyst, and 
by variations of the catalyst and the conditions a very wide variety of organie chemi- 
eals can be produced. Tt is possible to produce gasoline as a main produet, together 
with a number of alcohols, aldehydes, ketones, and acids. Of these oxygenated prod- 
ucts, ethyl aleohol is the principal constituent. A unit to work the Synthine process at 
Brownsville, Texas, has been proposed, to produce 5800 bbl. of gasoline and 1200 bbl. 
of Diesel oil. Known reserves of natural gas in tlie U.S, are enormous, and the manu- 
facture of any appreciable fraction of our gasoline requirement in this way may pro- 
duce, as a by-product, a very substantial part of our requirement of ethyl alcohol, as 
well as of acetic acid and various other chemicals, provided, of course, that means are 
found for economically separating the constituents of the complex mixture produced 
(8,28,50). 


Units and Government Regulations 


The alcohol content of industrial spirits is customarily giveu in terms of “prool?: the prool js 
twice the alcohol content by volume, thus 188-prouf aleohol contains 94% ethyl aleohol by volume, 
According to federal statutes, ... proof spirits shall be held to he that aleololic liquor which contains 
one-half of its volume of alcohol of a specilie gravity of 0.7989 at 60°F.” A gallon of proof spirils eun 
he made by mixing 0.5000 gal. of absolute aleoliol with 0.5373 gal. water: ib contains 42.49% aleohol 
by weight, 

ΡΕ -Α[υίπε gallon is a, measure of quantity, 231 cuin., of any proof. A proof gallon (tax gallon) is a 
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wine gallon of 100-proof spirits, orits equivalent: thus & wine gallon o£ 188-proof spirits is equal to 
1.88 proof gallons, 1000 grams of 95% aleohol (sp.gr. 0.816) equals 0.3235 wine gallon. 

The determination of the “proof” (the alcohol content) is usually made by means of hydrometers 
al (he standard temperature of 60°H. (sea Density and specific gravity), siuec only very small amounts 
of impurities other than water ure usually present. The apparent proof of a formula is the proof of 
pure aleohol (that is, no impurities other than water) having the same specilie gravity as the formula 
(sec Tables VII and VILD. 


TABLE VIL Conversion of U.S. Proof to Alcohol by Volume, Alcohol by Weight, and British Proof. 








ΤΑΙ hol } Th t h ) f A 
U.S. proof | v volume by ην by Qu. 5 ih prt U.S, proof nol by Alcoho | by ο itish pepo 
ab O0" F, 00210, weight, proof, o,p.— αὖ 005109, 6091’, weight, proof, o.p.— 
o per cent, ο por cent . overproof) per cent per centi overproof) 
0 0.0 0.00 100.0 u.p. 90 45.0 37.86 21.7 u.p. 
2 1.0 0.80 98.4 wp. 100 50,0 12.40 12.9 u.p. 
Α 2.0 1 „59 96.8 (p. 110 55.0 47.24. 4.0 up, 
6 3.0 2.3) 05.2 u.p. 120 60.0 52. 15 4,8 o.p. 
8 4.0 3. 19 93.0 π.Ρ. 130 65.0 97. 21 18.5 o.p. 
10 5.0 4.00 91. Ó u.p. 140 70.0 62.44 22.3 o.p. 
20 10.0 8.05 83.5 u.p. 150 75.0 07.87 31.1 o.p. 
30 15.0 12.14 75.0 u.p. 160 80.0 73.8538 30.0 o.p. 
40 20.0 10.27 60.1 u.p. 170 85.0 70.44 48.0 o.p. 
50 25.0 20.44 57.0 Up. 180 90.0 85.69 57.3 0.p. 
60 30.0 24.67 48.0 up. 190 85.0 92,42 66.0 o.p. 
το 35.0 28.07 39.3 Wp. 200 100.0 100,00 76.0 o.p. 
80 40.0 33.30 30.6 u.p. 





























TABLE VIII. Respective Volumes of Alcohol and Water and Specific Gravity. 























U.S. proof Alcohol, Water, Sp.gr. U.S. proof Alcohol, Water, Sp.gr. 

volumes. volumes in air volumes volumes in nir 
101 50 .50 58.24 0.93320 170 85.00 17.46 0.84027 
102 51.00 52.74 0.93222 180 90.00 11.93 0.83362 
108 51.50 52.25 0.93123 188 94.00 7.36 0.81063 
104 52.00 51.78 0.03023 180 04.50 6.77 0.81775 
105 52.50 51.25 0.02023 190 95.00 6.18 0.81582 
106 53.00 50.75 0.02822 191 05.50 5.850 0.81885 
107 53.50 50.26 0.92720 192 96.00 4.99 0.81184 
108 54.00 49.76 0.02618 198 06.50 4,80 0.80970 
100 54.50 19.26 0.92515 194 97.00 3.78 0.80770 
110 55.00 48.76 0.92409 195 97.50 3.17 0.80555 
120 00.00 43.71 0.01333 196 98.00 2.55 0.80333 
130 65.00 38.60 0.90190 197 98.50 1.93 0.80104 
140 70.00 33.43 0.88086 198 99.00 1.29 0.70806 
150 75.00 28.10 0.87714 199 99.50 0,06 0.79020 
160 80.00 22.87 0.86364 200 100.00 0,00 0.79365 














Table VILI may also be used tw determine the quantity of water needed to reduce the strength 
of liquors by a definite amount. Divide the alcohol in the given strength by the alcohol in the required 
strength, multiply the quotient by the water in the required strength, and subtract the water in the 
given strength from the product. The remainder is the number of gallons of water to be added to 
100 gal. of spirits of the given strength lo produce a spirit of a required strength. 

Exwmple: Tt is desired to reduce spirits of 191 proof to 188 proof. We find that 101-proof 
spirits contain 05,5 parts alcohol aud 5.59 parts water, and 188-proof spirits contains 94.0 parts alcohol 
and 7.86 parts water, 

05,50 (the strength of 100 wine gal, of spirits at 191 proof) _ 
94.0 (the strength of 100 wine gal. of spirits at 188 proof) | 


7.86 (the water in 188 proof) X 1. Ol = 7.43 
7.43 — 5.50 (the water in 191-proof spirits) = 1.84 gal. of water to be added to each 100 wine 
gal. of 191-proof spirits to be reduced. 
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The Federal Government levies a tax on aleohol for beverage purposes, and also for certain in- 
dustrial uses of aleohol. The manufacture, sale, and use of alcohol ave therefore controlled by regula- 
tions: for many purposes bond must be posted, and penalties are provided for infringements. The 
tax was $9 per wine gallon for the fiscal year 1947, that is, for the period July 1, 1046 to June 30, 1947. 

The term ‘industrial alcohol” conyprises “pure” aleohol, by which is meant mixtures containing 
no components other than ethyl alcohol and water, “completely denatured” alcohol, and “specially 
denatured” alcohol. 

Pure alcohol may be tax-free when used for certain purposes such as seientifie researeh or when 
sold to hospitals, or municipalities, states, or agencies of the Federal Government, Pure alcohol 
when used as an added component of beverage spirits (grain neutral spirits) is taxed, and is classed as 
industrial alcohol as produced but as beverage alcohol as consumed, Pure alcohol is also taxed when 
used in medicine, pharmacy, flavoring extraets, ote. For use in medicine, the U.S. Pharmacopoeia 
requirements are not less than 92.3% by weight, corresponding to 04.995 hy volume, at 15.56°C, 

Completely denatured alcohol contains sufficient malodorous and obnoxious constituents to pre- 
vent, completely, its use or recovery for beverage purposes. It, is sold tax-free, in reasonable quanti- 
tics, and finds widespread use for 
many purposes, sueh as antifreoze for 
automobiles, Three formulas [ου 
completely denatured aleohol, C.D. 
12, C.D. 18, and C.D. L4, have been 
approved by the Department of In- 
ternal Revenue. The most used is 
C.D. 13, for which the specifications 
state thal to every 100 gal. of aleohol 
(190 proof) add: “ST-115,” or simi- 
lar compound, 4.00 gal; methyl iso- 
butyl ketone, 2.00 gal.; gasoline, 1.00 
gul.; and “Agdite,” or similar com- 
pound, 0.50 gal, or “Mydronol,” or 
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Many of the donaturants are 
specified only by commercial names. 
1934 1995 1936 1937 1998 1999 1940 1961 1942 1943 1904 1948 1946 ‘Thus “ST-115” is produced by de- 

YEAR structive distillation of wood, but 
. . contains no methyl aleohol. Agdite 
Fig. 10. Alcohol produetion (8). is a petroleum product. See Bureau 
of Internal Revenue Regulations, 

Specially denatured alcohol is alcohol to which certain denaturants have been added to adapt it 
for the more specialized uses in the arts and industries and, at the same time, to render it ualt for 
beverage purposes so that it may be supplied tax-free, under a permittee system, About 50 formulas 
have been authorized for over 400 specific uses. Formula 8.D. 1, “methylated spirits,” is obtained 
by adding 5 gal. of approved wood aleohol (methyl aleohol) to 100 gal. of 190-proof ethyl alcohol. 
S.D. 2B contains 0.5 gal. benzol (benzene), and should be used in closed and continuous processes 
only. Some denaturants used in other formulas are acetaldehyde, elbyl propionate, and ethylamines. 
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Uses and Economics 


Before World War II, the normal consumption of industrial aleohol in the U.S. 
was about 100,000,000 wine gal. (190 proof) annually (sce Vig. 10), either as pure aleo- 
hol, specially denatured alcohol, or completely denatured alcohol (8). There had been 
no significant development of new markets over a nunber of years, and occasional new 
or increased consumption in specific lines usually represented less than 10% of the 
normal production. Prices remained at low levels, consistent with raw material costs, 
and it is doubtful if a lowering of prices would have stimulated any significant new 
markets. During the war, the alcohol requirements for munitions, synthetic rubber, 
and other war uses, as well as Lend-Lease, raised industrial alcohol requirements to wm- 
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precedented figures. Production reached 385,000,000 wine gal. in the fiscal year ending 
June 1943, 565,000,000 for the calendar year 1944, and 600,000,000 for the calendar year 
1945: this was achieved by the conversion of the distilled-spirits industry, and with 
the aid of new plants. The use pattern of industrial alcohol was therefore entirely 
different during the war, and a better picture of the “normal” uses is obtained by going 
back to an earlier year. 

In the fiscal year 1940, 133,000,000 gal. were produced, including 100,000,000 gal. 
of beverage alcohol. 14,000,000 gal. were withdrawn as completely denatured, and 
used chiefly in antifreeze mixtures. Nearly all of the remainder was withdrawn as 
specially denatured, and consumed as follows: 58,000,000 gal, as a chemical raw ma- 
terial, largely for the manufacture of aectic acid through acetaldehyde; 18,000,000 gal. 
as a solvent and thinner; and smaller quantities for explosives, toilet preparations, for 
processing foods and drugs, for use in flavoring materials nnd tinctures, for rubbing 
aleohol, and for other miscellaneous uses. A breakdown of the chemical uses of spe- 
cially denatured alcohol is given in Table IX. (See Acetalidlehyde; Acctic acid; Ante- 
freezes; Butadiene, Cellulose derivatives; Esters, organie; Hthers; Solvents.) 


TABLE IX. Specially Denatured Alcohol Used in the Manufacture of Chemicals During Year Ended 
June 30, 1945. 








Chemical manufactured Quantity of new alcohol used, 
wine gal. 

Vinegüt. ce a n ee 7,174,600 
Avotic a¢id. cece rennet teenies 4,995,009 
μι üecbnle. ee cee eee tne eect eras 10,155,365 
Hithyl chloride... 0.00.00. mh emma . 14,807,044 
Other ethyl esters... eee em re rn 2,861,886 
Dyes and intermediates. 0... ce nnn 208,726 
Acetaldehyde. oc e hme ee 55,733,032 
μον, οΟΗΥ νι νν ον ον νο νε ων ερ ν εν mm me en 3,865,638 
Ethers, glycol and other. ....lsseeseeseeseeee nm m κο 1,780,436 
Ethylene στο δεν ον ερ νν ον νο ν ερ κκ εννοω νεο e 4,431,779 
Nanthi leg. an, aaea arrera saeara 512,818 
Fulminate of mercury. ... 0. eee ete eee entrances 162,813 
Ethylene fas... mm emm κ εν 44,322 
Synthetic rubber, 0... eee ern n 315,940,167 
Rubber acceleratorg. 2... nee ete 6,846 
Miscellaneous... i eese mh eh marne 2,456,800 
Total... cesses eee hh hem hh ease ren 425,198, 280 





Market prices for alcohol, as quoted in April 1947, were: completely denatured 
(C.D, 14) in drums, $1.05!/2; specially denatured (S.D. 1) iu tank-car quantities, 
$0.981/5; pure alcohol in drums, $18.24 including tax. 


CAPITAL COSTS 


Since all fermentation alcohol plants differ in some respects from each other, no 
accurate, generally applicable, basic investment cost can be formulated, and no stand- 
ard production technique exists. In general, plants utilizing molasses apply a much 
simpler process and require less equipment than do grain plants, since grain handling 
and by-product feed recovery operations are omitted and since steam requirements are 
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less. Under normal price scales, the eost of a plant using molasses may be considered 
as requiring 2 capital investment approximating $50.00 per wine gal. of daily output of 
190-proof alcohol, Actual variation in such investanent may run from $35.00 per gal. 
of output, for a very cheap plant, to $75.00 or more for a modern, well-built plant fully 
equipped with instruments and labor-saving facilities, (Here as elsewhere in this sec- 
tion, the prices are to be understood as of 1947, unless otherwise raentioned.) 

Grain-usiug industrial aleohol plants, or distilled spirits plants, cost from 350.00 
to $150.00 per gal. on the sme basis. The lower figure represents old-style plants with 
wooden open-top fermentors, very simple grain-milling equipment, open mash tub 
(atmospheric pressure) cooking, and recovery of spent grain sereonings only. The 
higher figure represents a modern distilled spirits plant with controlled milling and 
grain degermination, pressure cooking, recovery of high-grade aleohol in high concen- 
tration, and complete recovery and sale of fermentation by-products. Such a plant 
would be fully equipped with instruments, would be largely automatie in operation, 
and would have extensive control and research laboratories. . A. sutisfaelory industrial 
aleohol plant probably eould be built under normal conditions for approximately 
$100.00 per gal. of daily output. 


COST OF PRODUCING ALCOHOL 


The cost of producing alcohol depends upon the location of the manufacturing 
plant; the design, type, and degree of modernization of equipment; the kind of raw 
material used; the price paid for the raw material; the relative Labor costs represented; 
the scale of production; and the total investment. It should he emphasized that there 
is no such thing as a fixed “alcohol eost," for it will vary between plants and even from 
day to day in the same plant. 

It was estimated that, under the conditions that existed about 1938, the plant- 
operating (conversion) eost of producing 1 gal. of 95% alcohol froin molasses might be 
as low as 3-4¢ per gal. (exclusive of raw material) for a unit operating at the highest 
efficiency and producing from 20,000 to 30,000 gal. of aleohol per day. Normally, for 
smaller or less efficient operations, such cost may exceed 6¢. With blackstrap molasses 
at the prewar price of 5¢ per gal., aud with a yield of 1 gal. of 95% alcohol from 2!/, 
gal. of molasses, the operating and raw material eosts woul approximate 18'/o¢ per 
gal. of aleohol, under good operating conditions. 

Tu the past, little has been done to recover such hy-products as protein feed for 
livestock, carbon dioxide, and similar items. The trend, however, is definitely in the 
direction of by-product recovery, and some go so far as to say that ethyl alcohol will be 
a by-product in the future, In any evont, a reduction in the conversion cost of mo- 
lasses alcohol will not necessarily reduce the total cost of production ns the eost of 
molasses alcohol will depend primarily upon the cost of the raw material, The price of 
molasses depends upon many factors, not the least of which is that it is a by-product 
that can he sold profitably at any price in excess of the direct costs of handling. Thus, 
the supply is relatively stable and the price is likely to fluctuate widely depending upon 
canditions of demand. 

The operating (conversion) cost for producing aleohol from corn in manufacturing 
plants of 20,000 to 30,000 gal. daily capacity has been estimated to be between 7.5 aud 
18.0¢ por gal., exclusive of malt cost, which runs from 2 to 5¢ per gal. of alcohol pro- 
duced. Assuming a corn price of 45¢ per bushel delivered at the plant (a usual prewar 
price for distilling grade), a malt price of $1.00 per (84-Ib.) bu., the use of 8% malt, a 
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value of 12¢ for the by-products per bushel of grain, and a yield of 2.50 gal. of 9597 al- 
cohol per bushel, the operating aud raw material costs ot alcohol from corn ean be esti- 
mated at approximately 30-32¢ per gal. These costs do not include sales cxpense or 
freight, cost of subsequent denaturing, or the cost of distribution. Profits to the pro- 
ducer and retailer must be added to these costs to determine the price per gal. to the 
consumer. ‘These figures are merely typical and will vary with conditions. Reported 
figures have varied greatly, particularly since some operators separate certain over- 
head, management, and supervision items from direct plant costa, so that lower “con- 
version” costs are indicated. 

A major problem in the production of aleohol from grain is the fluctuating cost of 
raw material, the operations of a plant being subjected to a great deal of uncertainty. 
The future outlook for the production of alcohol from grain docs not appear to be 
favorable in the United States wider normal eeonomic circumstances, although it may 
be well applicable to other countries. However, the full use of by-products has im- 
portant connections with the national economy as a whole, whieh must be brought into 
the picture in any consideration of the aleohol industry. 

Industrial alcohol from sulfite waste liquor may cost from 20 to 80¢ per gal., de- 
pending upon the size of the plant, no value being assigned to the raw material since 
ib is a waste product. 

Raw materials constitute an important cost element for alcohol produced by wood 
hydrolysis. An economically sized plant requires about 200 tons of dry wood sub- 
stance per day. This, of course, is a waste product, bul, even if itis obtained from the 
saw-mill free of charge, ib must beloaded on board freight car or truck and transported 
to the alcohol plant. Itis generally agreed that the cost of obtaining wood waste f.o.b. 
alcohol plant must not exceed $2.00 per ton, dry basis. This restricts the area within 
which the supply of raw material must be obtained to a maximum of 25-30 miles from 
the alcohol plant. ' 

In addition to the wood substance, other raw materials are required. A plant con- 
verting 200 tons of dry wood substance per day is said to use in the same time period 
10 tons of sulfuric acid, 6 tons of hurnt lime, and 2,000,000 gal. of water. Other chemi- 
cals are required in smaller quantities. The yield of alcohol resulting from, this com- 
bination. of materials is estimated at from 50 to 60 gal. per ton of wood substanec. A 
yield of at least 55 gal. should be obtained from pure wood, but in practice the general 
run of sawmill waste will include a certain amount of bark which is much less 
productive. 

Total costs including administrative overhead, repair, and maintenance should be 
between 20 and 25¢ per gal, The economics of the process hinge on the utilization of 
lignin, which at present is of no commercial significance. 

Synthetic alcohol produced from ethylene resulting from the cracking of petro- 
leum hydrocarbons is very probably the cheapest preset source of ethyl alcohol at the 
time of writing. The cost of pure ethylene may be between 2.5 and 3.5¢ per lb. The 
plant investment required for the separation and purification of ethylene is substan- 
tiul—more than for any other process. 

Since each cent per pound for pure ethylene is equivalent to approximately 4¢ per 
gal. of aleohol, 3¢ cthylenc represents a cost of 12¢ per gal. of alcohol. The additional 
cost of processing pure ethylene into alcohol is estimated to be not more than 2¢ per 
gal, possibly somewhat less, including depreciation on the alcohol-producing equip- 
ment on a ten-year basis. Thus, the maximum cost for synthetic aleohol would be 14¢ 
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per gal. If pure ethylene were available at 2d per Ib., the maximum eost for synthetic 
alcohol would be 10¢ per gal. These figures, as noted above, do not include such items 
as administrative overhead, selling expenses, costs of denaturation, and interest on in- 
vestment. Present costs range between 13 and 14¢ per gal. while future costs may be 
even lower, based on the production of pure ethylene at less than 8¢ per Ib. 

The “Synthol” (Fischer-Tropsch) process may he able to produce ethyl alcohol 
more cheaply than any other process. 

It will be seen that the economics of industrial alcohol presents a pieture that is 
very complex, perhaps more so than for any other ehemieal. "The possible raw ma- 
terials are many, and are connected with large and diverse branches of industry—agri- 
culture, wood industries, and the petroleum industry-——so that there are important 
connections with soil conservation and with mineral resources. The future develop- 
ment of the alcohol industry is therefore a matter of great national interest and impor- 
tance. 
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ALCOHOLATES. Sec Alcohols; Aluminum compounds; Sodium. compounds. 
ALCOHOLIC BEVERAGES, DISTILLED 


The history of alcohol undoubtedly dates back many centuries, but before the 11th century all in- 
formation is more or Jess legendary. There is very little doubt that the presence of s combustible in- 
erodient in wine was known to the sciontists of antiquity, such as Aristotle, Hippoerates, and Pliny. 
Aristotle speaks of a wine which produces a "spirit," and Pliny more definitely mentions a “wine 
which ean be ignited.” However, while the presence of alcohol in the fermented liquid may have 
been known in early times or at least suspected, there is no proof nor any definite indication that the 
separation of this flammable ingredient had ever been sucessfully accomplished. The invention 
of distillation itself is ascribed to a Greek physician who reputedly noted the condensation of liquid 
on à metallic cover plate under which some heated vegetable had been served to him, No utilization 
for the purpose of recovering spirit from wine was mentioned, however, in this connection, Physi- 
cans and alchemists carried o a number of operations that undoubtedly approached closely the 
process of modern distillation, but again no reliable evidence appears aliywhere that: can be considered 
as proof that actual distillation had been practiced before the 9th century. Actual evidence con- 
cerning the separation of alcohol appears toward the end of the Lith century. Tho first written 
evidence ig in the description by Master Salornus, whose death occurred in the year 1167. More 
definite information is contained in the writings of an ecelesiastic, Albertus Magnus, of the old Germun 
city of Regensburg, who was devoted to alchemy, From then on, references become more numerous 
and more definite. 

That distilling must have been considered of considerable importance toward the end of the 15th 
century is evidenced by the fact that a quite comprehensive book on distilling was printed in Strass- 
burg in the year 1500. It was written by Heironimus Brunswick, who was a well-known author of 
medical works. The title of this first publication on alcohol is Liber de Arte Distillandi; an enlarged 
and more comprehensive edition was published in 1507 and again in 1512, An even better book, 
with many detailed descriptions of the distilling apparatus, by Ryff, another medical author, appeared 
in 1556 in Frankfort on the Main. Both works contain elaborate chapters on herbs and distillates 
obtained from them with indications of their use as medicines, Whatever distillation was carried on 
in the preparation of aleaholic beverages was chiefly for the preparation of medicines. 

The word “whiskey” is derived from the Irish usquebaugh, denoting the water of life. It is be- 
lieved that it was known in Ireland as carly as the 15th century. From there it was probably im- 
ported into Scotland, where somo early legislation appeared in the 16th century. However, the word 
whiskey does not appear in any of these statutes until toward the end of the 18th century. 


ALCOHOLIC BEVERAGES 289 


Standards and Definitions 


Distilled alcoholic beverages ean be roughly divided into two categories: the 
first, which is by far the more important, consists of those that are obtained directly 
by the process of distillation; the second contains the products obtained by blending 
or mixing one or more ingredients with the original distillate for the purpose of im- 
parting certain desirable characteristics to the final product. The reference to 
alcohol in beverages is always to ethyl aleohol, CxH;OH. Practically all distilled 
alcoholic beverages contain other so-called “higher alcohols,’ but they are present 
in relatively minute quantities. 

While alcohol for industrial purposes is obtained predominantly by the fer- 
mentation of any material containing sugar or containing a substance convertible 
into sugar, such as the starch in grains and also from other sources (see Alcohol, 

- industrial), grain is the principal type of raw material used in the production of dis- 
tilled spirits for beverage purposes. Theraw material used for the alcoholic content 
of the beverage is, as a rule, responsible for the aromatic and taste characteristics of 
the final product. For this reason, the standards and. specifications for alcoholic 
tiguors are based to a large extent on the raw material from which they are derived. 

Iu many countries, the production of aleoholic beverages is a monopoly of the 
state and is usually highly remunerative. Where such a monopoly does not exist, 
alcoholic beverages generally represent an important source of excise revenue, The 
collection of this revenue is, of necessity, linked to laws and regulations that are 
different in almost every country and even vary considerably in individual states or 
provinces where more localized taxation is in force. In the United States the 
revenue from alcoholic liquors reached over $2,000,000,000 in 1945 and is the largest 
source of revenue of this kind. The Alcohol Tax Unit, Bureau of Internal Revenue, 
is part of the Treasury Department, and the regulations under which the taxes on 
alcoholic beverages are collected include all definitions and standards of identity. 
All references herein with definitions and identities are in accordance with regu- 
lations prevailing in the U.S. (8). 


Types of Distilled Beverages 


Difforentiation can, be made, as previously mentioned, between the products 
obtained directly [rom distillation and others obtained by blending or mixing. In 
the first category belong straight whiskey, brandy, and rum, whereas the so-called 
“Blends” and the liqueurs form the most important and largest part of the second 
type of products. 

1, Straight Distilled Liquors. Neutral spirits, if completely purified, is ethyl 
aleohol. It may be distilled from any material, provided the distillation is carried 
out at or above 190 proof, regardless of whether or not the proof is to be reduced 
after distillation. In the United States, and also in Great Britain, the strength of 
alcoholic beverages is officially stated by “proof.” The U.S. statutes define this 
standard as follows: ‘Proof spirit shall be held to be that alcoholic liquor which 
contains one-half its volume of alcohol of a specifice gravity of 0.7939 at 60° Fahren- 
heit.” In other words, the figure for proof is double that of the alcoholic content by 
volume. In Great Britain, “proof spirit is such as at 51°F. weighs exactly twelve- 
thirteenths of the weight of an equal bulk of distilled water” (see also Alcohol, 
fndustrial). 
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Whiskey is the aleoholie distillate that is obtained from a fermented mash of 
grain (or mixture of grains) and that, has the traditional and characteristic taste and 
aroma associated with whiskey. The distillation must be carried out at less than 
190 proof (the government regulations provide for additional details, which are, 
however, minor in importance and refer chiefly to manipulations in the distillery). 

The resulting whiskey is designated “rye whiskey,” “bourbon whiskey,” 
“wheat whiskey,” “malt whiskey,” or “rye malt whiskey,’ depending on the pre- 
dominating type of grain used in the preparation. Not less than 51% ol grain of 
one type must be used in order to justify identifying the product accordingly, and 
the distillation must be carried out at a proof not exceeding 160. "The storage of 
the distillate must be in charred, new, oak containers. 

"Straight whiskey” is defined as ‘an alcoholic distillate from a fermented mash 
of grain distilled at not exceeding 160° proof and withdrawn from the cistern room 
of the distillery at not more than 110° and uot less than 80° proof,” and it must be 
aged in charred, new, oak containers for not less than 24 calendar months, But no 
product may be called simply “straight” in its labeling, and the type of grain utilized 
must always be stated (see “Manufacture,” page 291), 

“Blended whiskey” is a mixture that must contain at least 2095 by volume of 
straight whiskey at 100 proof. In the majority of blended whiskies, the balance is 
made up of neutral spirits, but certain blends er blended whiskies are made up 
entirely of straight whiskies, in which case the product will be “a blend of straight 
whiskies.” If neutral spirits (ethyl alcohol) is used, there must be stated not only 
the percentage of these neutral spirits—80% or less—but also the name of the 
commodity from which they have been distilled. The majovity of the blends are 
made with spirits produced from grains, and the designation in this case will be 
“neutral spirits distilled from grain” or more briefly “grain neutral spirits.” Some 
individual states recognize this variety only and require that blends made with 
spirits from other sources be called “imitation whiskey.” The grain shortage during 
and following World War II resulted in the temporarily increased use of blending 
spirit produced from sugar cane or molasses (“distilled from cane products”), from 
grapes or other fruit (“distilled from fruit"), or from potatoes and other tubers 
(“distilled from vegetables’’) (3). 

In addition to the distinction based on the nature of the grain used in the prepa- 
ration, there is a distinction based on geographic origin. In this category belong 
such types as Scotch whiskey, Irish whiskey, and Canadian whiskey. These prod- 
ucts are distinctive for the land of origin and are produced in compliance with the 
laws prevailing there. 

Brandy is a distillate from the fermented juice of fruit, distilled at less than 190 
proof and possessing the characteristics generally attributed to brandy. Without 
further qualification, the word brandy is always meant to apply to “grape brandy,” 
or therefore to the distillate obtained from fermented grapo juice or wine. If juice 
from some other fruit has beon fermented and distilled, the resulting brandy carries 
the name of the respective fruit, such as apple brandy and apricot brandy. Still 
other distinctions are made from geographical origin, such as cognac and cognac 
brandy, if the product. originates in certain provinces of France. 

Rum is the distillate from the fermented juice of sugar cane, molasses, or other 
sugar cane by-products, distilled at less than 190 proof. New England rum is 
further defined as having been produced in the U.S. and distilled at less than 160 
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proof. Other rums are distinguished not by type, but by geographic origin, such as 
Jamaica rum and Virgin Island rum. 

Gin is a distillate obtained by either an original distillation from a fermented 
mash or the redistillation of neutral spirits over or with juniper berries or other 
aromatic botanicals. 

2. Liqueurs and Cordials. Liqueurs and cordials must contain, besides their 
alcoholic content, an amount of not less than 2.5% by weight of sugar or dextrose. 
The alcoholic content ean originate either from neutral spirits, brandy, gin, or other 
distillates. Juices of fruits or other flavoring materials may be added to impart 
characteristic taste and flavoring. 


Manufacture, General 
MALT 


As in all cases in which starchy raw materials are used for the production of 
alcohol, the starch must first be converted into sugar. This is effected through the 
action of the diastase enzyme present in malt. Practically all cereals can be malted, 
but, without further qualifications, malt is generally understood to be germinated 
barley. The purpose of malting is the development of the enzyme in tho grain. 
Bosides furnishing the means of converting the starch into sugar, the malt is also 
in many instances the contributing factor to the final flavor or aroma of the product. 
Certain procedures in the production of the malt may indeed furnish the outstanding 
characteristics of the final product, as in Scotch whiskey. For the process of malt- 
ing, sec Malis. 

PREPARATION OF “BEER” 


The aleoholic mixture that ultimately is used for distillation is called ‘distillers’ 
beer," or just “beer” in America. In England it is designated “wort.” “Beer” 
is prepared from grain by five steps: grinding; cooking; saccharification (conver- 
sion); dilution; and fermentation. The grain is ground fine enough so that it can 
be made into a homogeneous paste. It should not be ground too fine, or ex- 
eossive dusting or difficulties during the process of by-product recovery will result. 
The bulk of the grind should pass a 10-30 mesh. 

The flour derived from each bushel of grain (56 1b.) is thoroughly mixed with 
about 24 gal. of water. The mixture is then heated by means of steam with con- 
stant agitation (called cooking"). Cooking causes a pasting of the starch of the 
flour, enabling it to be converted (during saccharification) more rapidly into fer- 
mentable sugar than the starch of the original kernels. Depending upon the equip- 
ment used, there are two types of cooking—at atmospheric pressure, generally 
carried out in open mash tubs, and “pressure cooking,” for which closed pressure 
tanks are employed. Both open mash tubs and pressure cookers are provided with 
heating facilities and agitating devices. In open tubs, the mixture of flour and water 
is heated to 212°F. and kept at that temperature for a period of one-half to one hot 
In the preparation of rye, the heating is carried only to 160°F. because the 
tillate may develop an unpleasant flavor ata higher temperature. In the pres 
cookers, the mixture of water and flour (for bourbon and corn whiskey producti 
corn flour) is heated to 250-275°F.; for spirit production (milo, wheat, an. 
flour) the heating is carried up to 300°. These temperatures are general 
tained for no longer than five minutes. 
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After cooking, the mash is rapidly cooled down to a temperature of 140—144^Y"., 
in open mash tubs by means of cooling coils, and in pressure cookers by means of 
barometric condensers. The entire process of cookmg ean also be performed as a 
continuous operation (sec Alcohol, industrial). 

Saccharification, or conversion of the starch paste into maltose, is carried out 
at 140-144°, being initiated by adding ground malt in the form of flour or a slurry. 
Most of the conversion takes place with constant agitation in the open mash tub or 
cooker within 20-60 minutes. In this time interval, 60-70% of the starch present 
in the grain is converted into maltose, while the remainder is converted into dex- 
trins, the major portion of which will subsequently be couverted in the next two or 
three days during fermentation. 

The converted mash, also called cooker mash, is then cooled to fermentation 
temperature and delivered into the fermenters, where it is diluted. The concentra- 
tion varies from 30-36 gal. of liquid per bushel of grain, for the production of spirits 
or aleohol, to 40-45 gal. for making whiskey. For diluting the converted mash, 
thin sercened stillage is used, although in some instances only water is added. 
("Stillage" is the liquid recovered from the still after the alcohol has been removed 
by distillation.) It is customary to use 10-15 gal. (and occasionally more) of thin 
stillage for every bushel of grain, Frequently a small portion of stillage as well as of 
malt is added to the cooker or open tub before the cooking process. The volume of 
water to be added is calculated so that, with the amount of condensate formed from 
the steam during cooking and the stilkuge, the desired dilution is obtained. The 
diluted cooker mash—ready for fermentation—is called “sweet beer.’ 


FERMENTATION 
The process of fermentation (¢.v.) converts sugar into alcohol. Aleoholie fer- 
mentation is caused by an ase-——which is introduced by 
various microorganisms. In the preparation of alcoholic beverages, yeast: (q.v.) of 
the genus Saccharomyces is almost exclusively uscd as the source. Tt grows in the 
beer and multiplies rapidly by means of budding. Of the many species of Saccha- 
romyces, $. cerevisiae is invariably used for controlled alecholic fermentation. A 
great variety of strains exist from which the most suitable for a specific purpose can 
be selected. 
Alcoholic fermentation represents 2 chain of complicated reactions, which can 
be indicated by the overall equation: 
ΟΠυοι —— 2 Ο ΠΟΠ + 2 CO, 
dextrose ethyl aleohol — carbon dioxide 





The numerous side reactions depend on the composition of the wort, the yeast, and 
the general conditions existing during fermentation, and lcad to trace quantities of a 
number of secondary fermentation products. In the production of alcohol, the 
secondary products are eliminated during the succeeding processes of distillation 
and rectification. In the production of aleoholie beverages, formation of the 
secondary products and their nature determine the characteristics and qualities of 
the final product; there are formed and retained during the subsequent operations ¢ 
number of aldehydes and csters (such as ethyl acetate), higher aleohols collectively 
designated “fusel oils,’”’ and some fatty acids. The secondary products retained in 
the final distillate are designated ‘“congencrics.”’ 

Fermentation i is mitiated by the inoculation of the sweet beer with 2 or 8% by 
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volume of ripe yeast prepared separately (see below). Fermentation takes place in 
2, 3, or 4 days and procceds in three distinetive phases. It begins with the so-called 
“prefermentation”’ or incubation period during which the yeast cells multiply, in- 
ereasing in number from about 6,000,000 to about 100,000,000 or more per ml. of 
the liquid. During the second period, the “main fermentation,” the largest part of 
the sugar is fermented to alcohol and carbon dioxide. The third phase is the “post 
fermentation" period. In this phase the remaining dextrins are converted into 
fermentable sugar and fermented to alcohol. Fermentation during the first and 
last phases is very slow; during the main fermentation, as evidenced by the violent 
boiling of the fermenting beer, it is very rapid. 

Since alcoholic fermentation is a heat-producing reaction, in modern fermenters 
this heat is conducted away by cooling coils; the temperature of the fermenting beer 
is thus kept elose to optimum from the beginning until the end of this stage. De- 
pending upon the yeast used, the optimum varies from 82° to 86°F. In fermenters 
not provided with coolers, the inoculation temperature (called “setting tempera- 
ture’) is so selected that the temperature during fermentation will not increase 
above the maximum limit (around 90—92?F.) tolerated by the yeast. "The setting 
temperature in summertime may be as low as 66°F., while in the winter it, is generally 
around 74°, 

Preparation of the yeast is similar to the preparation of beer (see page 291), 
the only difference being that the mash coneentration is higher, that is about 24— 
28 gal. of water per bu. of grain. This concentrated yeast mash is acidified by a 20- 
hour fermentation with lactie acid bacteria. Every 100 gal. of this acidified ycast 
mash is then inoeulated with 10-30 gal. of yeast previously prepared by stepwisc 
propagation. 


DISTILLATION AND RECTIFICATION 


The fermented wort, or “distillers heer,” contains, besides the alcohol and the 
desirable sccondary fermentation products, solid particles originating from the grain, 
mineral salts, and such fermentation products as glycerol, lactic acid, succinic acid, 
tartaric acid, and fatty acids. The alcohol and the other by-products desired in the 
final product are separated by distillation. A great number of varieties and degrees 
are possible: single distillation, double distillation (“doubling”), elimination of the 
various secondary products by means of separate distilling columns, and rectification 
in multichambered rectifying columns. The equipment used for these purposes has 
undergone, in the course of many years, a steady development and improvement. 

Pot Stills. The oldest and most primitive form of still consists of a boiling pot 
or vessel to which is attached a head that collects the vapors and conducts them to a 
condenser. The alcoholic vapors pass through the head, which is usually in the 
form of a retort, and emerge from the condenser as the distillate. The product of 
the first distillation from a pot still is, as a rule, impure and of about 40-50 proof. 
These so-called “low wines” are then redistilled two or three times until the distillate 
has reached the desired purity and strength. l 

Stills are generally made of copper. Pot stills are heated either directly by fire 
or sparged steam, or indirectly by means of a jacket, coil, or calandria. If a more 
highly purified distillate is desired, an improved type of pot still can be used. This 
type of still is equipped with a rectifying head, which acts as a sort of dephlegmator. 
It condenses a portion of the vapors, which are returned to the still. Improved pot 
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stills of this type are in use today for the production of certain types of whiskies and 
brandies. Pot stills can distill only one batch at a time, and therefore are not very 
economical in operation. 

Continuous Stills. The first form of continuous still appeared as the so-called 
Coffey or patent stillin England. In the operation of such stills, the prcheated wort 
is fed continuously into the still, which consists of a column of perforated plates. 
The wort flows downward and is met by steam that ascends through the still from 
the bottom. The steam causes the wort on the plates to boil and the aleohol and 
other volatile substances to vaporize. The descending wort is gradually freed of 
these substances and finally is removed from the bottom of the stall. 

Modern stills are characterized by many improvements and refinements that 
permit not only more economical operation, but also a very close control of the entire 
operation and, thereby, the final product. One improvement is the development of 
vacuum distillation, which is being used iu some distilleries (see Alcohol, industrial), 


BY-PRODUCTS 


The beer, once freed from alcohol and other volatile substances, is designated 
"stillage" or "slop," and contains à number of substances in solution and suspension. 
These consist in part of the insoluble and undecomposed portions of the grain and of 
other resulting substances mainly from the conversion and fermentation processes. 
The solid portions are recovered by screening and drying (usually in steam dryors). 
The liquid portion, which contains finely suspended and dissolved materials, is first 
concentrated by vacuum evaporation to the consistency of a sirupy liquid. This 
concentrate can either be mixed with the previously sercened-out solid materials 
and the two dried together, or it can be dried separately on rotary-drum dryers. 
The content of the liquid portion in vitamins, especially riboflavin and other com- 
ponents of the B complex, make this material particularly valuable as an ingredient 
for animal feed mixtures (see Alcohol, industrial). 


Manufacture, Specific Types 


The various types and the character of alcoholic beverages are determined 
not only by the raw materials used in their preparation but also by the specific 
measures employed in the various steps of the manufacturing process. 


WIHSKEY 

Almost all modern whiskey is distilled in continuous stills. Only when an 
especially heavy-bodied whiskey is desired are pot stills used. 

Under U.S. Government regulations, distillation of bourbon, rye, or other 
identified whiskies must be carried out at less than 160 proof, and it is further re- 
quired, whenever the distillate is to be designated straight whiskey, that it be with- 
drawn from the distillery at a proof of not less than 80 and not more than 110. 
It is possible to influence the quality of the whiskey by distilling close to the per- 
mitted upper limit whenever a light-bodied whiskey is wanted, aud at a lower proof 
if a heavier type is desired. By refluxing part of the condensate into the still, it is 
further possible to retain more of the heavy flavors. For whiskey of especially 
heavy body and flavor, pot stills are still used in some rare cases, especially for rye 
whiskies intended for blending purposes. 

Newly distilled whiskey is colorless and unpleasant in taste and aroma. In 
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order to make it palatable and give it the desired appearance and taste, very carefully 
controlled maturing is necessary. For this purpose whiskey is stored in new, 
charred, white oak barrels; there are a few exceptions to this rule, cases in which the 
resulting products must be identified accordingly on the label. Tho white oak 
barrels are heavily charred inside; the char itself has a purifying influence on the 
whiskey. Some of the higher alcohols and fatty acids are retained in the pores of 
the char, so many of the unpleasant characteristics otherwise imparted by these in- 
gredieuts are eliminated from the whiskey. Underneath the char is a layer of 
toasted wood containing a number of aromatic and flavoring substances, many of 
which are gradually extracted [rom the wood, as are also quantities of tannic acid 
aud highly pigmented substances. AH these impart to the whiskey its charac- 
teristic taste, favor, and reddish-brown color. 

The barrels are stored in warehouses which are carefully ventilated and con- 
trolled in temperature and humidity. The wood of the barrel acts as & semiper- 
meable membrane permitting the passage of aleohol and water vapors from the in- 
terior of the barrel to the outside. This phenomenon is an important and integral 
phase of the maturing process. In properly conditioned and maintained ware- 
houses, the barrel permits water vapor to escape at a faster rate than alcohol vapors 
with the result that a gradual concentration of the alcohol occurs inside the barrel. 
Thus, the alcoholic content or “proof” of the whiskey rises under normal conditions 
with age. During this period the maturing whiskey undergoes definite and intended 
changes in aromatic and taste characteristics, changes caused by three principal 
types of reactions occurring simultaneously and continually in the barrel: (1) 
extraction of complex wood substances by the liquid, (2) oxidation of the original 
organic substances and other material extracted from the wood, and (3) reaction 
between the various organic substances present in the liquid, with the formation of 
new products, 

The development of quality consists, therefore, of specific chemical and physical 
changes in the properties of the liquid. These properties, which represent the charac- 
teristics of the product, are commonly used as an indication of the quality and, to a 
considerable degree, as a measure of the quality. There exist, beside the well- 
defined and measurable ingredients, a number of undefined ingredients present in 
very small quantities, but nevertheless contributing to a considerable extent to the 
quality of the product. ‘Experience has shown that development of these as yet 
unknown ingredients is correlated with the formation of those which are well 
defined, so that the latter can serve as a reliable guide to quality. Table I illustrates 
the progress of maturing as measured by the principal ingredients and character- 
istics. Part A is from "Studies ol the Changes Taking Place in Whiskey Stored in 
Wood” by Crampton and Tolman (2) from the laboratory of the Bureau of Internal 
Revenue and published by permission of the Commissioner of Internal Revenue in 
1907. This work was based on 31 different barrels. The investigators worked un- 
der the great handicap of being forced to rely on basic material and data furnished 
by producers not under their control and on other conditions not subject to their 
direct supervision. The data for Part B, assembled by Valaer and Frazier (10), are 
also from the laboratory of the Alcohol Bureau. This investigation was begun in 
the fall of 1929 and published in 1936. It is based on 22 different barrels and the 
investigators suffered from similar handicaps as did Crampton and Tolman. Part C 
represents the initial data (8) of an invostigation started in the laboratories of the 
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TABLE E Changes Taking Place i in Whiskey Stor ed in Wood. 
A. Gri ampton aud Tolman 
i : rum per 100 liters οἳ proof spiri tT 
Age, : - p vo | oes ^ | Cul 
yeurs Range Proof Extract Acids Usters ado pur ! Pu ud 
Rye Whiskey 
Now | av. [| i012 | 13.3 | 44 | 163 | 54 | Lo] 0.4 | 0.0 
Max. 102.0 30.0 72.0 21.8 15.0 1.9 161.8 0.0 
Min. 100.0 5.0 12.0 4.3 0.7 trace 61.8 0.0 
43.7 
1 Av. 102.5 119.7 46.6 37.0 7.0 1.8 111.5 8.8 
Max. 104, 0 171.0 00.5 64.8 15.5 3.3 194.0 13.8 
Min. 101.0 13.0 31.1 6.8 2.8 0.4 80.4 7.2 
02.0 5.8 6.8 66.4 6.6 
2 Av. 104.9 144.7 51.0 54.0 10.5 2.2 112.4 11.6 
Max. 109.0 199.0 75.6 75.1 18.7 5.7 214.0 10.7 
Min, 100.0 121.0 44.8 41.5 5.4 0.7 83.4 8.8 
04.0 11.0 31.2 82.2 8.0 
4 Αν. 11.2 185.0 65.9 69.3 13.9 2.8 125.1 14.0 
Max. 118.0 238.8 83.8 89.1 22.1 6.7 203.5 18.0 
Min. 105.0 156.0 58.6 57.7 6.4 0.7 83.8 11.6 
153.0 17.3 36.3 07.8 {1.4 
6 Αγ, 118.0 223.1 72.4 80.4 14.6 3.3 145,5 17.0 
Max. 132.0 284.0 95.8 109.0 22.3 8.3 245.3 21.2 
Min. 110.0 193.0 67.1 64.0 7.3 0.7 99.2 13.7 
176.0 24.3 39.1 80.0 12.4 
8 Αν, 123.8 256.0 82.9 80.1 16.0 3.4 154.2 18.6 
Max. 132.0 229.0 112.0 126.6 26.5 9.2 280.3 24.2 
Min. 112.0 214.0 78.7 68.4 7.9 0.8 100.0 13.8 
200.0 31. 7 40.9 107.1 13.7 
Bour bon m hi skey 
New | Av. 100.0 | 26.5 | 10.0 | 18.4 | 32 | 0.7 | 10.9 | o0 
Max. 104.0 161.0 29.1 58.2 7.0 2.0 171.8 0.0 
Min. 100.0 4.0 1.2 13.0 1.0 trace 71.3 0.0 
42.0 
1 Av. 101.8 90.4 41.1 28.0 5.8. 1.6 110.1 7.1 
Max, 103.0 193.0 55.3 55.9 3.6 7.9 173.4 10.9 
Min. 100.0 61.0 24.7 17.2 2.7 trace 58,0 5.4 
54.0 10.4 10.4 42.8 4.0 
2 Ay, 102.2 126.8 45.0 40.0 8." 1.0 110.1 8.6 
Max. 104.0 214.0 61.7 50.8 12.0 0.1 197.1 11.8 
Min. 100.0 81.0 25.5 24.4 5.0 0.4 86.2 6.9 
78.0 23.5 11.2 42.8 5.7 
4 Ay. 104.3 151.9 58.4 53.5 11,0 1.0 123.0 10.3 
Max. 108.0 249.0 73.0 80.6 22.0 9.6 237.1 14.8 
Min. 100.0 101.0 40.0 28.2 6.9 0.8. 05.0 8.6 
:02.0 40.0 18.8 43.85 7.4 
6 Αν. 107.0 185.1 67,1 64.0 11.9 .8 35 3 13.1 
Max. 116.0 287.0 81.0 83.8 23.3 0.8 40.0 17.5 
Min. 102.0 132.0 53.0 30.4 7.7 ).u 98.1 12.0 
127.0 46.0 17.9 9.8 
8 Αν. 11.1 210.8 70.4 65.6 12.9 2.1 143.5 14.2 
Max, 124.0 326.0 91.4 93,6 28.8 10.0 241.8 20.9 
Min. 102.0 152.0 64.1 37.7 8.7 1.0 110.0 12,3 
141.0 53.7 22.1 47.6 10,5 
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TABLE I. Changes Taking Place in Whiskey Stored in Wood (Concluded). 


B. Valacr and Frazier 
























































^ Gn unns per τ 100 liters of proofs spirit | |] y p 
Bs Range Prod. Wa i Y ΠΝ mn Gar, 
yours TAE [omaes | Puget | ses | AE ume | oe) 
New | Min. | 100.0 | 5.3 13.7 78.7 | 29 | 24 00]| —-. 
Ay, 101.2 7.7 17.0 161.1 10.5 7.6 — — 
Max. 102.6 9,05 21. 5ο 230.7 20.1 20.8 — — 
1 Min, 100.5 | 38.5 21.9 92.0 89.8 43 | 0.6 6.3 
Av. 101.9 50.1 29.0 166.5 114.4 10.2 1.0 8.6 
Max. 103.3 53.4 35.3 245. 185.1 20.5 2.2 12.2 
2 Min. 101.2 48.2 25.2 97.0: 113.7 1.6 0.8 7.7 
Αν. 103.8 50.7 94.7 168,3 143.0 11.0 1.9 10.8 
Max. 105.3 65.6 38.7 232.1 166.7 21.5 2.2 14.5 
3 Min. 102.4 54.1 28.5 98.40 120.8 4.6 0.8 9.4 
Av, 105.6 65.2 38.9 172.0 163.0 11.1 2.1 12.8 
Max. 107.3 73.6 48,01 249.8 197.9 22.6 2.7 15.7 
4 Min, 104.0 59.8* 37.0 96.0 141.8 6.0 0.8 10.2 
Av. 107.7 70.6 45.0 178.5 178.7 11.6 2.2 14.1 
Max. 110.7 78.6 48.8" 260.8 213. 8 21.7 3.0 17.8 
C, Liebmann and Rosenblatt. 
-].,. |... ᾽ Grams 3 por 100 liters of proof spirit 7 
Aus Value? | Proof | pud | Fined Alde- Fur — 7 qan.  Cobr | pH 
years ac di ty acidi y Esters aue fura] Solids nine 
0 nr 101.5 7.8 2. 7 19.7 2.0 1.8 13.5 2 0.061 | 4.80 
X 101.4 6.8 2.0 18.2 1.7 1,2 11.4 i 0.048 | 4.76 
Lr 101.3 5.8 1.3 16.7 1.4 1.1 9.3 0 0.0835 | 4.72 
1 Lu 102.2 58.3 11,4 28.1 4.8 1.8 126.6 |, 38 0.815 | 4.30 
X 102.1 56.9 10.8 26.8 4.0 1.7 123.1 37 0.305 | 4.29 
L'r 102.0 ὅδ. ὃ 10.2 25.5 3.7 1.6 | 119.6 36 0.205 | 4.28 
2 e iu 108.6 67.5 12.1 36.8 6.3 2.0 155.1 44 0.370 | 4.28 
103.4 66.1 11.5 35.8 6.0 1.9 151.6 48 0.361 | 4.26 
i L 103.2 64.7 10.9 33.8 5.7 1.8 148.1 42 0.352 | 4.24 
3 L'u 104.8 72.0 12.7 43.3 8.2 2.2 171.6 50 0.404 | 4.25 
X 104.5 70.6 12.2 41.6 7.8 2.0 167.5 49 0.305 | 4.23 
L'r, 104.2 69.2 11.7 39.0 7.4 1.8 163.4 48 0.380 | 4.21 
4 L'u 106,5 76.8 14.6 48.2 0.7 2.2 189.5 61 0.428 | 4.21 
AX 108.1 75.1 14.1 46.2 9.2 2.1 185.8 60 0.419 | 4.10 
L'h 105.7 73.4 13.6 44.2 8.7 2.0 181.1 59 0.410 | 4.17 
5 L'v 108.1 78.6 13.0 54,0 11.2 1.6 202.2 54 0.436 | 4.25 
A 107.6 72.0 12.4 52.4 7.4 1.8 197.8 52 0.426 | 4.23 
L'r 107.1 70.4 11.8 50.8 3.6 ].4 193.4 50 0.416 | 4.21 

















Sources: Part A, reference (2); part B, reference (10); part a reference (6), 

τα Ἐν the maximum furfural the quiek-age samples and those from one distillery which seemed 
abnormal were omitted. 

t Docs not include quick-age samples. 

¢ Highest or lowest was omitted as being slightly abnormal, and the next highest was taken ins 
stead, 

4 Tighest and next highest were amitted as being slightly abnormal, 

of = average value; L'y probable maximum value = £ + 2; D'u probable minimum 
value = ¥ — uğ 
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Schenley Distillers Corporation in 1937 and still in progress in 1946. It is based on 
results from averages of 100 barrel lots over the first five years of maturation. 

It is therefore evident that the various ingredients, including the original con- 
generics and the later-acquired extracts from the barrel, amount to only about one- 
' half to three-fourths of one per cent of the total weight. Yet it is this relatively 
small fraction that determines the character and the quality of the final product, and 
also what are generally termed the aroma and the body of the beverage. The 
esters and aldehydes and, to some extent, the volatile acids determino the aroma. 
The body depends to a large extent on the fusel oil content. The tannins are chiefly 
responsible for the traditional “tang” inherent in well-aged whiskies. 

There are fiye principal influences determining the most important character- 
istics of the final product. 

(1) The original grain formula or, in other words, the proportion of small 
grains (malt, wheat, barley, and rye) as against cornu. The higher the percentage of 
small grains, the heavier is the body of the resulting whiskey. 

(2) The fermentation process, especially tho yeast used, and also the tempera- 
ture during fermentation, the length of time, the concentration of mash (volume of 
water in proportion to weight of grain), and the proportion of stillage (slop) to water. 

(3) Distillation. The way in which this operation is conducted bag a decided 
influence on the body of the whiskey and can also strongly affect the aromatic 
properties. The proof at which the whiskey is distilled is of great importance, but is 
far from being decisive; generally, it may be stated that the higher the proof, the 
lighter the body. The type of still is very important—a pot still, or three echamber- 
charge still (a triple-pot still) will generally produce a heavier bodied whiskey than a 
continuous still, In the continuous still the body can be influenced, and to a con- 
siderable degree regulated, by the reflux; the higher the reflux ratio, the lighter in 
body will be the whiskey. 

(4) Carbon treatment after distillation. The finished whiskey can he treated 
with activated carbon, which eliminates certain of the substances by adsorption, 
specifically the fatty acids and to a lesser degree other constituents, and which 
thereby greatly improves odor and taste. 

(6) Conditions of storage. After the production process is complete, further 
changes in the whiskey affecting aroma and body, and quality in general, depend 
largely and decisively on the type and quality of the cooperage and the duration of 
aging. These conditions may emphasize or counteract to some degree previously 
mentioned influences, The quality and condition of the barrel are obviously of 
great importance, The difference between new and re-used barrels is decisive, and 
specifically recognized in government regulations. Quality of wood and depth of 
char are important factors. The surrounding conditions, chiefly the temperature, 
but also humidity and purity of air, in the storage warchouse are next in importance. 
Wood extractives form a part of what is generally considered body (influencing, of 
course, taste) and it is obvious that those extractives are proportionately greater 
with higher temperatures. Other chemical changes are similarly influenced. 

Bourbon whiskey is produced from a fermented mash of grain, which is con- 
stituted of not less than 51% corn. The use of corn for whiskey production prob- 
ably originated in the Commonwealth of Pennsylvania, where Scotch and, later, 
Dutch settlers first attempted to use the native Indian corn to replace barley (which 
had been used predominantly in the countries of their origin) and to replace molasses 
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(which was then more generally used by the early American settlers for the produc- 
tion of ram). The imposition of the first excise tax and the resulting insurrection 
in the Pittsburgh district caused many of the settlers to move west and south. One 
of the colonies established by them was in the county of Bourbon in Kentucky. 
The whiskey they produced reputedly derived its name from this location. 

Although the regulations prescribe that at least 51% corn be used in the grain 
mixture for bourbon whiskey, it is more frequently made up of 60 to 80% corn. 
The balance is made up of rye and barley malt. While only about 6 to 8% barley 
malt is necessary for the saccharification of the starch, it is customary to use à 
larger proportion of malt in order to derive from it certain characteristics in taste 
and aroma. The rye also contributes in this respect, particularly by virtue of ita 
somewhat heavy flavor. If a lightly flavored whiskey is desired, rye is entirely 
omitted and à minimum of malt is employed. 

Corn Whiskey. Not less than 80% corn grain must be used, the balance being 
malt. A further requirement for this type of whiskey is that storage may not be in 
new charred barrels. 

Rye Whiskey. The grain formula for rye whiskey must contain not less than 
51% rye, the balance being corn and the necessary amount of malt. The strong 
flavor indigenous to the rye grain results in a heavy type of beverage if as much as 
60% rye grain is employed. This type of whiskey is rarely used for straight bever- 
age purposes, but it is desired as a flavor medium for blending purposes. Rye 
whiskey for drinking purposes is usually made with 50 to 60% rye grain. 

Malt whiskey is distilled by using not less than 5195 malt, usually barley malt. 
This type of whiskey carries the heavy characteristics of the barley malt and is 
rarely used for drinking purposes. Like rye whiskey, it is as a rule employed for 
blending purposes. 

Scotch whiskey (usually spelled ‘whisky”) is defined as a product of Scotland 
and must he produced there within the laws of Great Britain. One of the regulations 
in Great Britain is that the Scotch whiskey itself and any additions of distilled spirits 
that may have been used for blending must be more than three years old. Since 
almost all Scotch whiskey consists of a mixture of straight whiskey and distilled 
spirits, Scotch whiskey imported by the U.S. carries the label “Blended Scotch . 
Whiskey." 

Scotch whiskey is produced from barley malt. The malting of the barley is 
carried out on an open malting floor which is heated by peat, the most convenient 
and most eeonomical fuel in the Scotch Highlands. The peat is burned in open 
ovens and the smoke is permitted to drift over the malt during the drying period. 
In this way, the malt acquires a distinctive “smoky” flavor that is characteristic also 
of the final product. 

Irish whiskey is made in Ireland under the regulations of that country. As a 
rule, ib is produced from barley malt, which, however, has not been prepared under 
the same eouditions as the Scotch barley malt and which does not possess the 
smoky flavor, 


BRANDY 


Brandy is a distillate obtained from fermented juices of fruit. If no further 
qualification is used, brandy always means “grape brandy,” and is, therefore, the 
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distillate obtained from grape wine, All fruit brandies possess, more or less, the 
characteristies of the fruit from which they are derived, although much of this 
flavor is lost in the process of distillation. 

Grape brandy, or just “brandy,” probably represents the oldest type of dis- 
tilled beverage The fermented juice of grapes was known in antiquity, but the re- 
covery from it of the “water of life” from which it derives its desirable qualities did 
not take place until about the 10th or 11th century. 

Franee is considered the homeland of brandies, although practically every wine- 
producing country also produces brandy. The best-known French brandy origi- 
nates from two provinces, Charente and Haute-Charente. The name of the capital 
of the former province-—Cognac—has been reserved for the brandy originating from 
this locality. The particular climate prevailing in this section of France is not con- 
ducive to the production of a desirable cating grape. Rather, the variety usually 
grown in this section, and called folle blanche, is relatively high in acidity, and pro- 
duces during fermentation a characteristic type of richly flavored esters, which are 
carried through the distillation and impart to the beverage the characteristics of the 
cognac type. Brandies produced in other provinces of France are called eau de vie, 
although in certain sections the name of the locality is given to the produet, as, for 
instance, armagnac. 

Brandy is, as a rule, distilled in pot stills in à series of two or throe distillations. 
Storage of good brandy always takes place in oak barrels that have been previously 
used for the same purpose. New barrels are used only to store fresh brandy for a 
short time; it is then withdrawn and redistilled. Since it greatly improves with age, 
in some instances many decades are claimed for especially pedigreed brandies. 

Fruit Brandies. The fermented juice of any fruit may be distilled, and the 
brandy so obtained carries the name of the fruit from whieh it is derived, as apple 
brandy, cherry brandy, apricot brandy, and prune brandy. The quality of the 
fruit used is instrumental in imparting certain characteristics of flavor and aroma 
to the beverage; the fruit raised in higher altitudes and having particularly fine 
fragrance produces the finest quality. Especially well known is ktrschwasser, the 
cherry brandy obtained in Switzerland and the Black Forest district of Germany. 
"The prune brandy made in Yugoslavia is well known as 2 specialty ealled slivovics. 


RUM 


Rum is the alcoholic distillate of fermented juices of sugar cane or sugar cane 
molasses. As with fruit juices, no saccharification of starches is necessary. More- 
over, molasses, like fruit juices, carries with it wild yeasts that will cause spontancous 
fermentation if the juices are permitted to stand. 

The ready availability of sugar cane juices and molasses was responsible for the 
fact that rum was for a long time the most widely known and most generally used 
alcoholic beverage in England and America. Early settlers in the United States 
carried out rum distillation in many of the seaboard colonies, especially Massachu- 
setts and Rhode Island. The designation “New England Rum” is a reminder of 
the times in which rum distillation was practiced predominantly in that section of 
the country. The raw material—molasses—was obtained by barter from the West 
Indies, and formed one side of the well-known “Trade Triangle” of slaves, molasses, 
and rum, 
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Rum is still produced in many of the “Islands” and, according to its geographic 
origin, carries their names. The so-called “Island Rum” is as a rule much more 
heavily bodied than the “New England Rum.’ The former is generally produced 
in pot stills and the latter in continuous stills. Other practices used in fermentation 
also are conducive to the development of a heavier flavor characteristic of the 
various "Island" rums. 


GIN 


Gin is obtained by distilling an infusion of juniper berries and other aromatic 
herbs and roots, or by redistilling alcoholic spirits over these aromatic materials. 
The use of juniper flavor has been traced back to the reign of Louis XIV, in whose 
time the berries were used for the improvement of wines. The French word genzévre 
appears later as the Dutch Geneva, and finally was abridged to the English gin. 

The origin of distilled gin is generally ascribed to the Duteh. Their method of 
preparation consisted in immersing the ingredients in alcohol and extracting from 
them their aromatic oils and esters, The extract was then distilled in a pot still. 
The Dutch Geneva became a favorite beverage with seamen and acquired world-wide 
popularity. Gin was also prepared in England; but by a somewhat different method. 
The aromatic ingredients were spread on trays or baskets and placed in the head of a 
pot still, and the alcoholic vapors passed over and through them. 

In addition to juniper berries, a number of other botan‘cals are used: coriander 
seed, angelica root, cardamon, calamus, orris, cassia, and sweet and bitter orange 
peel. The character of the final product can be varied by varying the proportions 
of these ingredients. 

The production of gin can be combined with the production of alcohol. The 
vapors from. the rectifying column can be passed directly over the gin ingredients 
without previous condensation. 


CORDIALS ANT LIQUEURS 


Cordials and liqueurs are obtained by mixing neutral spirits, brandy, rum, giu, 
or other distilled spirits with fruits, fruit extracts, or other aromatic or flavorous 
materials. They can also be prepared by redistilling neutral spirits with or over 
such ingredients. The extracts can be obtained by various operations, such as infu- 
sion, percolation, or extraction; they are sweetened with sugar or dextrose, and must 
contain not less than 2.5% by weight of the sweetening materials in the finished 
product. 

The varicty of liqueurs and cordials is very great. It is probable that the 
original alcoholic beverages were in the form of liqueurs and cordials, They were 
prepared as elixirs and healing drafts by monks and physicians of the Middle Ages, 
and there were countless prescriptions for the preparation of such extracts made 
from all sorts of botanicals. 

Best known of the old liqueurs are benedictine and chartreuse, formerly pre- 
pared by the members of the fraternal orders whose names they bear. Particular 
skill has to be exercised in the choice of ingredients and in the extraction of the 
characteristic flavor by means of infusion, masceration, or percolation. The 
formulas for the composition and the choice of the fruits and botanicals are usually 
well-guarded secrets. 
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Economic Aspects 


Alcoholic beverages have occupied an important place in national economics 
and have often played a prominent part in historical developments. The control of 
imports of molasses by the English Crown created much resentment among the 
New England colonists due to the importance of rum distillation in that section of 
the country. It probably was just as instrumental in leading to the Boston uprising 
as the tax imposed on tea. Excise taxes on aleoholic beverages have always formed 
a not inconsiderable part of the national revenue. The first such tax was imposed 
under Alexander Hamilton in 1790 and was the direct cause of an uprising among 
Pennsylvania distillers, who refused to pay it; this Whiskey Rebellion in the Pitts- 
burgh district had to be subjugated by means of an armed expedition. 

Since then, federal excise taxes on distilled liquors have been in force. They 
reached a new high level during the war, [having been raised from $6.00 per gal. 
to $9.00 per gal. in 1944. During 1044, the federal reventies derived from all 
alcohol beverages, including custom duties, amounted to $2,163,452,875; in addition, 
state and local revenues are estimated in excess of $550,000,000, In 1945, the fed- 
eral taxes exceeded a level of $2,400,000,000. 

In the fiscal year ending June 30, 1945, a total of 73,000,000 tax gal. of distilled 
spirits (exclusive of neutral spirits) was produced under the severe restrictions of 
wartime conditions dictated by the limited amount of grains available for distilla- 
tion. Of this production, 41,000,000 gal. was whiskey and 26,000,000 gal. brandy. 
Τη addition, a total of 55,000,000 tax gal. of neutral spirits was produced, bringing 
the total of distilled spirits produced at registered beverage distilleries to 128,200,000 
gal. In normal years, the total annual production of distilled beverages in the 
United States would be about 175,000,000 gal., of which 95,000,000 would be 
whiskey, 6,000,000 gin, 20,000,000 brandy, and 2,000,000 rum. The last figure 
does not take into consideration the production of rum not used for beverage pur- 
poses. During 1935 to 1937, the total annual production of distilled spirits ran 
considerably in excess of these figures and amounted to_227,000,000 to 293,000,000 
tax gal. 

_ Normally the whiskey stored for maturing in the warehouses of the various pro- 
ducers under government supervision and regulations totals about 500,000,000 gal. 
It should, however, be taken into consideration that these figures represent the 
original entry gage basis. Evaporation and leakage over a period of about four 
years account for a normal loss of about 22%. Just before conversion of the whiskey 
industry of the United States to war aleohol production, there was in storage nt the 
end of September 1942 about 500,144,000 tax gal. (original entry). By the end of 
August 1945, this reserve consisted of 328,063,000 tax gal. In 1945, the consump- 
tion of distilled spirits was approximately 190,000,000 (wine) gal. 
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ALCOHOLS 


Alcohols are hydroxyl derivatives of hydrocarbons (aliphatic, alicyclic, or aromatic- 
aliphatic). Only one hydroxyl group (OH) may be attached to one carbon atom, but 
there may be several hydroxyl groups in the molecule. The physical and chemical 
properties of the alcohols are dependent primarily upon the hydroxyl group, but the 
position of the hydroxyl in the carbon skeleton as well as the nature of the hydrocarbon 
radicals in the molecule strongly modifies the properties (for certain alicyclic alcohols, 
see Sterols; Terpenes and terpene derivatives), In aromatic (araliphatic) alcohols and. 
also in heterocyclic alcohols, the hydroxyl group is present in a side chain (for com- 
pounds in which the hydroxyl is attached directly to an aromatic nucleus, sec Phenols), 
The physical and chanical properties of the alcohols may be further influenced by the 
presence of other functional groups, such as amino (see Amino alcohols; Ethanol- 
amines), nitro (see Nitro alcohols), halogen (see Chlorohydrins), and cyano (see Cyano- 
hydrins). 


CHaCLh Or GIL--CII--CIHSOII NH;CELCIBOH 
ethyl alcohol (ethanol) ally] aleohol ethanolamine (2-aminocthanol) 
Simp'e aliphatic Unsaturated aliphatic Substituted aliphatic 
alcohol alcohol alcohol 
II 
AN AA 
f E. 
Uu  O—cIhoH "c CH, "i Τ᾽ 
πὸ δη πιῶ ΟΠ, BR 2 ο 
/ NZ G 
ο C 
H 1h 
benzyl aleohol cyclohexanol furfuryl alcohol 
Aromatic (araliphatic) alcohol Alicyelic aleochol Heterocyclic alcohol 


According to the number of hydroxyl groups they contain, alcohols are usually 
ealled monohydrie (or better, monohydroxy), dihydrie, trihydric, polyhydric, etc. ; 
dihydric alcohols are usually called glycols (¢.v.). See also Alcohols, higher polyhydric; 
Glycerol. 

Alcohols are classified as primary, secondary, and tertiary, depending upon how 
many hydrogen atoms are attached to the carbon atom holding the hydroxyl group. 
If two hydrogen atoms (or three in methanol) are attached to the carbon atom holding 
the hydroxyl group, the alcohol is primary; if one hydrogen atom is attached to the 
carbon atom, the alcohol is secondary; if no hydrogen is attached to the carbon atom, 
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he alcohol is tertiary. The use of these terms is best illustrated lyy reference to specific 
examples, as the butyl aleohols. 


Class of Characteristic 





Name Structure ateshol Brow oe. 
n-Butyl alcohol CH4CHSCHCILOTHE Primary — CESOTE 
Isobutyl aleohal (CH, .CHCILOM Primary ~~ CHOI 
sec- Butyl alcohol CT CHLCHOH.CH; Secondary ος ΠΟΠ 
tert-Mutyl alcohol (CHa COH Tertiary (ΟΠ 





The important unsaturated aleohols may be grouped as: vinyl aleohols, which 
have a hydroxyl group attached directly to a double-bonded carbon atom and whieh 
are not known in the free state; allylic alcohols, in which the hydroxyl group is situated 
on a carbon atom adjacent to a double bond; and acetylenic alcohols, containing a 
triple bond. See “Unsaturated alcohols,” p. 3t4. 


Nomenclature 


Aleohols are named by three principal types of names: common or radical names 
usually containing the word “alcohol” for monobydroxy alcohols; C"earbino?" or 
“methanol” names; and I.U.C. (Geneva) names. The commou or radieal names are 
based on natural sources or on the hydrocarbons from which the radieals attached to 
the hydroxyl are derived; examples are eetyl (from Greck ketos, whale, beeause the 
alcohol occurs as an ester in spermaceti) or n-hexadecyl aleohol, CHa(CIT 4CEDOTH ; 
and menthol, GywHwOH, à derivative of eyelohexanol. Monohydroxy aleohols. that 
are derivatives of methlinnol, often. called carbinol, may be named as such, in which 
case the alcohols may be known as substituted carbinols; this method is convenient 
for secondary and tertiary alcohols, as triphenylmethanol (C.4.) or triphenylearbinol, 
(ΟΠ COH, and for aromatic and heterocycle alcohols, as naphthalenemethanol 
(C.A) or naphthylcarbinol, CwHy,CH.OH. According to the 1.U.C. method, the name 
of the aleohol is derived from the name of the hydrocarbon corresponding to the longest: 
straight chain containing the aleohol funetion, by dropping the final “e” and adding the 
suffix “Col” (or “-diol,” “-triol,” ete, according to the munber of hydroxyl groups). 
The position of the hydroxyl group is indicated by an Arabie numeral which may be 
placed before the name or before the “-ol” for unsaturated alcohols, or alter the name 
in both cases (as, butanol-1, buten-2-o0]1-1). Examples of the three types of names 
follow: 























Formula Common Carbinol (metha 
CH.CMCHCHAOH | n-Butyl alcohol n-Propylearbinol 
CESCIIGCHOH.CH; | sec-Butyl aleohol Methylethylearbinol: 2-Butanol 
ethyImethylmethanol 
(CH) .CHCHLOH Isobutyl alcohol Isopropylearbinol 2-Methyl-l-propinol 
(CHa) CON tert-Butyl aleohol "Trimethylearbinol 2-MotliyI-2-propanol 
CISCH:CHCH,OH | Crotyl aleohol; erotonygl | n-Propenylearbinol 2-Buten-i-ol 


alkohol; yanethyl- 
allyl uleoho! 
Glycol; ethylene glycol 


CHOH, CHOH 


1,2-Ihanediol 


For other examples, see Tables I-VI, For a more detailed discussion of the naming of 
alcohols, see Nomenclature. 
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Physical and Chemical Properties 

The alcohols are clear liquids or colorless solids; most of the monohydroxy aleo- 
hols are lighter than water and all are soluble in organic solvents. The lower ali- 
phatic aleohols are mobile liquids; the viscosity increases with the molecular weight 
so that Lhe alcohols Cy to Cy become increasingly viscous. n-Dodecyl alcohol is the 
first solid member of the series of normal primary alcohols. Cyclohexanol is a solid, 
whereas benzyl aleohol is a liquid heavier than water. Alcohols containing two and 
three hydroxy! groups are viscous, colorless, sweet-tasting liquids, aud the higher 
polyhydroxy alcohols are mostly crystalline solids. 

All alcohols containing one to three carbon atoms are miscible with water in all 
proportions, but n-butyl, sec-butyl, and amyl alcohols have only limited solubility in 
water. In fact, the solubility falls off so rapidly with increasing molecular weight that 
the hexyl and higher alcohols are essentially insoluble. Two structural effects should 
be noted: with alcohols of the same molecular weight, increased branching results in 
increased solubility in water and the solubility increases from the primary lo the 
secondary to the tertiary alcohol. Thus, for example, whereas n-butyl aleohol has 
limited solubility in water, tert-butyl alcohol is completely miscible with water. The 
introduction of additional hydroxy] groups also increases the solubility in water appre- 
ciably and decreases the solubility in ether and alcohol. 

The boiling points of the alcohols are considerably higher than would be predicted 
on the basis of molecular weight slone. This is due to hydrogen bonding between the 
hydroxyl groups. From ethyl alcohol to higher primary unbranched alcohols the 
boiling points increase with surprising regularity, the rise being about 20°C. per 
methylene group. For alcohols of a given molecular weight, the boiling point decreases 
with inereased branching and also decreases from primary to secondary to tertiary. 
For examples of these effects see Tables I-VI. 

Reactions. The chemical properties of the alechols are primarily those of the 
hydroxyl group, with modification by other functional groups in the molecule. The 
position of the hydroxyl group in the hydrocarbon skeleton also influences the chemical 
properties. 

The hydroxyl group may be replaced by halogen to form alkyl balides. This 
transformation may he effected by a variety of reagents, among which the halogen 
acids, the phosphorus tri- and pentahalides, and thionyl chloride are most useful. 

ROH + HX ——> RX + ILO 
3 ROH + PCL —— 3 RCI + P(O 
ROH + SOC] ——— RC] + HC] + 80, 


The ease of replacement is markedly affected by the position of the hydroxyl group, 
the order of increasing reactivity being primary, secondary, tertiary. The halogen in- 
volved also influences the rate of reaction, and, in general, iodidey may be prepared 
more readily than bromides, which in turn may be prepared more readily than chlo- 
rides. Although a number of low-molceular halides are now prepared by direct halo- 
genation of the parent hydrocarbons, the replacement of hydroxyl by halogen is still 
important for the preparation of high-molecular halides. 

The replacement of the hydroxyl group by an amino group, though not an im- 
portant reaction in the aliphatic series, is important in the preparation of some 
aromatic amines (see Amines; Naphthylamines). 

The dehydration of aleohols may proceed intramolecularly to produce alkenes 
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TABLE II. Aliphatic Alcohols: Dihydroxy (Glycols). 









































Common name Synonyms Formula Nye a? ny 
Glycol 1,2-Ethanedial; CH,OH.CHSOH — 17.4 1,1155 |1.4274 
ethylene glycol 
Propylene glycol | 1,2-Propanediol CHCHOH.CHLOH 158.5 [188.2 | 1,040 — 
Trimethylene 1,3-Propanediol CHOH.CILCHOH —30 |213 (d)| 1.0538 |1.4398 
glycol ‘ 
e-Butylone glycol| 1,2-Butanediol, ΟΠΚἩΚΠΟΗΚΊΓΟΗΙ -- — 194 10g | — 
ethylethylene 
glycol 
B-Butylene glycol| 1,3-Butanediol; a-| CH;CHOH.CH,CHSOH | 128. (204 1.005  |1.4425 
methyltrimethyl- 
ene glycol 
Tetramethylenc | 1,4-Butanecliol CHLOH (CHa) sCILOH i9  |230 1.017  |1.4407 
glycol 
syn-Dimethyl- 2,3-Butanediol ; CH, (CHOH)2CHs 27 184 1.048? |1.434 
ethylene glycol pseudobutylene 
glycol 
Diethylene glycol | 2,2'-Oxydiethanol; | O(CHa3CILOTD —10.45|245 1.1177. [1.4475 
B, B'-dihydroxy- 
ethyl ether; di- 
glycol 
Triethylene glycol| 2,2^-(Ethylenedi- { (ΟΠ ΟΟΠΙΟΠ ΟΙ): - 287.4 | 1.1251, |t . 457815 
oxy)diethanol; 
glycol bis(-2-hy- 
droxyethyl) 
ether; triglycol 
Hexamethylene | 1,6-Hexanediol CELOH (Cie) ΠΟΠ 12. 950 -— — 
glycol 
TABLE II. Aliphatic Alcohols: Polyhydroxy. 
Common name Synonyms Formula Me ' Bas m ni 
Glycerol 1,2,3-Propanetriol; CESOTH.CHOH.CH3OIT. | 17.9 2090  1.25621.4720 
glycerin 
"Trimethylol- 2-Ethyl-2-(hydroxy- Οπιο (ΠΟΠ) 59 --- — — 
propane methyl)-1,8-propane- 
diol 
Penta- 2,2~Bis(hydroxymethyl)- | C(CTLOH), 260 — — — 
erythritol 1,3-propanediol; tetra- 
kis(hydroxymethyl)- 
methane; pentaeryth- 
rite 
r-Mannitol v-manno-Mexanchexol | CH.QH(CHOH),CHLOIL [165.5 2054,5,|1.489 | -- 
Sorbitol n-gluco-Hexanehexol; p-| CH;OH(CHOTD4CH,OH | 92 (labile)| --- -— -— 
glucibol 97 (stable) 

















(olefins) (see Hydrocarbons) or intermolecularly to form ethers (g.v.). Generally both 


RCH,OH;O0H ———29 HCH:CH, 4- IO 


alkene 


2ROH ———> ROR + H,O 


ether 
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TABLE IV, Alicyclic Alcohols. 








Common nume Synonyms Formula Mas Ep d? ns 
Cyelopentanoa] | Cyelopeutyl alcohol |C;HyOH — 140.85 |0.94608 1.4551 
Cyclohexanol |Hexahydrophenol; ΙΟ ΠιΟΗ 25.15 161.1 10.9624? [1.164825 


cyclohexyl — alco- 
hol; hexalin 
Menthol 3-p-Menthanol; CH;C;Hs(OH)CH(CTR)s | 43 (1) 216 0. 8007 1.4582» 
hexahydrothymol 
«e-Terpineol — |[-p-Menthen-8-ol — |CHGC;ESCOTIL(CHa). 38 (di) |221 0.934 1.4884 
Borneol 2-Camphanol; CyHyOH 208.5 (d) 212 1.011 -- 
Borneo eamphor; 
Sumatra camphor 




















Cholesterol — |Cholestorin CyHgOH 148.5 360 1.067 — 
(anhyd.)| (doe.) 

Ergosterol Ergosterin Ca HOH 163 — — -- 

Inositol Cyclohexanehexol — |CsH5(OTD s 218 (4) — — — 














Common name Synonyms Formula Mae Bas d? ns 
Benzyl aleohol |Phenylearbinol; ᾱ- CH CHOH —15.3|205.45|1.0454 .|1.5373:1.1 
hydroxytoluene 
6-Phenylethyl |Phenethy! alcohol; C4ECHSCH4OH —25.8/219,8 |1.023525 |1.5240 
alcohol benzylearbinol; 2- 
phenylethanol 
a-Methylben- |Moethylphenylear- CUILCHOH.CH, 20. 1/202 1.0129 11.5275 
zyl alcohol binol; 1-phenyl- 
ethanol 
Hydrocin- ^ |3-Phenyl-l-propanol; |C,H;CH3CH;CH,OH |« —18 1237.4 1.0079 [1.5356 
namylaleohol| -y-phenyl-m-propyl 
alcohol 
Benzohydrol — Diphenylearbinol; (CoELS CIHTOTI 69 208.5 | — — 
benzhydrol 
Triphenyl- 'Triphenylmethanol (CH) COH 162 |380 1.188 --- 
earbinol 
Cinnamyl 8-Phenyl-2-propen-1- |O4H; CH: CHCH;OH 83 1257.5 |1.0440 1.5819 
alcohol ol; styrylearbinol; 
cinnamie aleohol; γ- 
phenylallyl alcohol; 
Styrone ' 
Saliey! aleohol Saligenin; o-hydroxy-/HOC,HiCH.0H 87 |subl. |1.1613*5| — 
benzyl alcohol , 
Anisyl aleohol |p-Methoxybenzyl aleo-| CHOC 4H4CHS;OH 25 |259  |1.11295 |1.5422?5 
hol; anise alcohol 
Coniferyl 8-(4-FHy droxy-8-meth- (HO) (CH3O) CilIT;- 74 | — — — 
aleohol oxyphenyl)-2-pro- CH: CHCILOIH 
pen-1-01; 4-hydroxy- 
3-methoxyeinnamyl 
alcohol 


























axe formed to some extent at the same time, but the conditions may be altered to favor 
one or the other reaction. "The most important factor is temperature, higher tempera- 
tures favoring the formation of alkenes. Alcohols are dehydrated smoothly to alkenes 
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TABLE VI. Heterocyclic Alcohols. 














Common name Synonyms Formula M d Boe ay 2 
Furfuryl alcohol | 2-Furancarbinol; o- | C4ETO.CETLOTT — 169.8. | 1.128233 | 1.4808 
furylearbinol 
Tetrahydrofur- | Tetrahydro-2- C4TEO.CTROIT — 17870 1.1826? | 1.4516 
fury] aleohol furanearbinol 





by passing them over a prepared alumina or silica eatalyst heated to 350-450?C.. "The 
actual conditions are modified in accordance with the uselul rule that tertiary alcohols 
are more easily dehydrated than primary alcohols. This procedure is suitable for the 
industrial or laboratory syuthesis of alkenes and may also he extended to the dehydra- 
tion of diols to diolefins. A useful catalyst for the laboratory dehydration of alcohols is 
48% hydrobromic acid. Glycols (q.v.) and polyhydroxy alcohols teud to form cyclic 
ethers or alkylene oxides (see Alcohols, higher polyhydric). 


CILOH ΟΠ; 
| ———À DO + Πιο 
30H CHa 


elhylene oxide 


The addition of alcohols to acetylene in the presence of alkaline catalysts leads to 
vinyl ethers: 


NaOCeHs 


ROH -H HC; OIT y ROCH; CHa 





The acid-catalyzed addition of alcohols to acetylene or to a vinyl ether results in acetals 
(q.v.) ov diethers of acctaldehyde. Generally acetals, RCET(OR/),, are formed by eon- 
densation of aleohols with aldehydes. 

The hydrogen atom of the hydroxyl group of uleohols may bo replaced by an 
active metal, such as sodium, potassium, or calcium, with the formation of a metal 
alkoxide (alcoholate) and the evolution of hydrogen gas: 


2 ROH + 2Na ~——> 2 RONa + H, 


Magnesium and aluminum also react to form alkoxides, but the reaction must be cata- 
lyzed, as by amalgamating the metal. There is a marked decrease in reactivity of the 
hydroxyl hydrogen in proceeding from primary to secondary to tertiary alcohols, and 
indeed the reaction with tertiary alcohols must be forced by increasing the temperature 
and lengthening the reaction time. Alkoxides such as sodium ethoxide (or ethylate, 
: "eaustic alcohol,” see Sodium compounds) and aluminium isopropoxide (or isopropylate) 
(see Aluminum compounds) are used in organic syntheses as condensing or reducing 
agents. Alcoholic alkali, made by dissolving caustic alkalies in aleohol, contains some 
alkoxide: 


ROII 4- NaOH ——— RONs + HO 
Organic esters are formed by the elimination of water between an alcohol and an 
organic acid: 
ROH + R’COOL === R/COOR -+ ILO 


ester 


The reaetion is reversible and reaches equilibrium slowly. Ordinarily the catalyst used 
ig acidic. The customary methods of driving the reaction to completion are: (1) re- 
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moval of water as an azeotrope; (2) use of a large excess of alcohol; or (3) use of a 
large excess of acid (see Hslerification; Esters, organic). Alcohols, in spite of their re- 
activity with acids, should not be considered organic hydroxides. The esterification is 
not entirely analogwlts to the neutralization of acids by bases, since the latter is an 
ionic reaction and proceeds “instantaneously,” while ester formation proceeds slowly. 
The rate of esterification is also influenced by the position of the hydroxyl groups in the 
chain. Primary and secondary alcohols can be prepared by acid-catalyzed esterifica- 
tion, but tertiary alcohols are essentially dehydrated under these conditions. 

Esters may also be prepared by reaction of alcohols with acid anhydrides or acid 
halides. Both of these reactions are irreversible and are used when the alcohol or the 
acid is valuable: 


ROH + (R’CO).0 ———+ R/COOR -+ R’/COOH 


anhydride ester acid 
ROH + R’COC] ——— > R’COOR + HCl 
acid halide ester 


Alcohols also form esters with inorganic acids, such as nitric or sulfuric acid: 
ROH. -- HONO; ———— RONO; 4- FO 
ROH + HOSO,H ——— ROSOJIT + I0 
The dehydrogenation of primary alcohols to aldehydes and of secondary alcohols 


to ketones may be effected by passing the alcohol vapors over a heated dehydrogen- 
ation catalyst, such as reduced copper: 


Cf CUSOH. 20°C, CH,CHO + Eh 
CH; CUOILCH, °C, GHACOCH, -- He 


Alcohols differ greatly in their behavior toward oxidizing agents. Primary alcohols are 
oxidized to aldehydes and acids; secondary alcohols are oxidized to ketones; tertiary 
alcohols in neutral or alkaline solution are stable toward oxidizing agents, but in acid 
solution are dehydrated to alkenes, which are oxidized with breaking of the carbon 
chain. This behavior of the three types of alcohols may be employed to distinguish 
them: 
RCILOH ———-— RCHO —— — RCOOH 
RR/CHOH ——-— RB/CO 
RR'/R'COH 





> no reaction or dehydration 
Ethyl aleohol and secondary methanols react with alkaline solutions of halogen to 
form the corresponding haloform, for example: 
CIL,CH,OH + 4 NaOCl > CHCL -+ NaCl + 2 NaOH + ΠΟΟΟΝΗ -- ΤΟ 





Characterization. Alcohols are generally characterized by the formation of solid 
esters, such as the 3,5-dinitrobenzoates, and by the formation of their phenyl-. æ- 
naphthyl-, or xenylearbamates (often called urethans (g.v.)). 


NOs : NO 
ROH + Scoul —— CLR + ποι 
NO; ο, 
8,5-dinitrobenzoate 


ROH -- ArN:C:O ———5 AzNHCOOR 
substituted carbamate 
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Natural Sources and Synthetic Methods of Preparation 


Aleohols as such occur widely in nature in volatile oils (see Oils, essential) and also 
as esters in volatile oils, fats (q.v.), fatty oils, and waxes (q.o.). Among the more im- 
portant naturally occurring alcohols are those obtained from "esters, nod of these, 
probably glycerol (g.v.) (glycerin, 1,2,3-trihydroxypropane) is the most important. 
Sce also Alcohols, higher. The ehief alicyclic alcohols are found tn plant and animal 
tissues (see Sterols). "Tho best-known substituted aleohols are the sugars, which are 
aldehydo or ketopolyhydroxy compounds (see Carbohydrates; Sugars). 

The synthesis of industrially important aleohols depends in general upon a mumber 
of special reactions and will he emphasized ii the following discussion of methods for 
the preparation of alcohols. 

Q) Hydration of Alkenes. 





^w nd N μ΄ . S . a 
C=C o H— 80H ——— AUS - ThO > 1 C90] NO, 
^ M PA N z" N 

H SOH Π οἱ 


In this reaction the negative —SOqIT radical adds to the carbon atom holding tho few- 
est number of hydrogen atoms, so that secondary and tertiary, but not primary, alco- 
hols are generally obtained. This reaction is an industrially important auethod for a 
number of alcohols Gee Alcohol, industrial; Aimy alcohols; Butyl alcahals; Propyl 
alcohols). 

(2) Hydrolysis of Halides and Sulfates. 


RX + HO ROH + HX 


m 


This synthetic method is applicable to the preparation of primary and secondary alco- 
hols; tertiary halides are dehydrohalogenated to a large extent. A number of butyl 
and amyl alcohols are made in this way. A special application is to the synthesis of 
glycerol (g.2.) starting with propylene, 

(3) Hydrolysis of Organic Esters. 


R/COOT + ELON ——— R’/COON + ROH 


The hydrolysis is catalyzed by both acids and bases, the acid-eatalyzed reaction being 
reversible, It is of considerable commercial importance for the production of alcohols 
from uaturally occurring estera. 

(4) Oxidation of Hydrocarbons. The oxidation of saturated hydrocarbons may be 
stopped at the aleohol and carbonyl stage by employing high temperature (100-300° 
C.), pressure (15-50 atm.), and short contact time. However, the Fischer-Tropsch 
method has proved al more practical value (see below: “Reduction of carbonyl com- 
pounds’’), Olefinie hydrocarbons can be oxidized to yield the oxide, which ean then be 
hydrated to the glycol. Silver oxide is used as a catalyst. Ethylene glycol and pro- 
pylene glycol are commercially available by this means. 

(8) Reduction of Carbonyl Compounds. 


Ἂ --0 + 2H —-~—+ ΟΠΗ 
΄ α΄ 
aldehyde or ketone primary or secondary aleohol 


The most important reaction of this type is the reduction of carbon monoxide to 
methanol (g.v.), The conditions for the reaction ave temperatures of 275-875 °C., pres- 
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sures of about 3000 p.s.i., and a complex catalyst containing metallie oxides of copper, 
chromium, manganese, aluminum, and others. At about 350-450*, with an iron 
catalyst promoted with alkalies, higher alcohols (up to Cys) are formed. With a cata- 
lyst containing cobalt, a temperature of 200-800°, and pressure of about one atmos- 
phere, higher hydrocarbons are the chief products, However, oxygenated products are 
also formed, and alcohols are recovered from this portion of the reaction products. 
Aldehydes and ketones may be reduced catalytically over finely divided metal cata- 
lysts by means of alkali metals in alechel, and by means of aluminum alkoxides. 
(6) Reduction of Esters, 
RCOOR'/ 4- 4H — 2o RCILOH + R'OH 


The reduction of esters by alkali metals in alcohols or by high-pressure hydrogenation 
over copper oxide-chromium oxide has heen used both in the laboratory and on an 
industrial scale. The hydrogenation of the higher fatty esters is the most important 
technological application (see Alcohols, higher, especially ‘1-Dodecanol’). 

(7) Aldol Condensation. 

ROILCHO + RCHCHO —— > RCELCHOH.CHR.CHO 
&-hydroxy aldehyde 
RCIHCITOH.CEHR.CHO + 2 TH ——> RCH.CHOH.CHR.CH.OH 
1,3-glycol 

Under the influence of mild alkali or acid, aldehydes or ketones having an a-hydrogen 
atom may be condensed to give a 6-hydroxy aldehyde or ketone, which may be further 
transformed in a variety of ways, for example, reduced to the glycol (seo Aldols). This 
synthesis serves as an industrial method for the production of 1-butanol, 1,3-butylene 
glycol, ete, ` : 

(8) The Grignard Reaction. 


| 
ee 4 RMgX ——— n-i- oes Ta R—C—OH + Mg(OH)X 


The Grignard reaction involves the addition of an alkyl(or aryl)magnesium halide to 
an aldehyde, ketone, ester, or alkene oxide. Although this synthesis is not generally 
used industrially, it does afford a method of preparing primary, secondary, and tertiary 
alcohols, whieh may not be available by other means. Primary alcohols containing one 
or two carbon atoms more than the organic halide are prepared by adding the organo- 
magnesium halide to formaldchyde or to ethylene oxide, respectively:, 


RMgX + HCHO _™°_, ROHLOH 
RMgCl + CHo,CH,.0 - 20 5 RCILCHLOH 
Secondary alcohols are obtained from an aldehyde (except formaldehyde): 
RMgX -- R/CHO 9? , ng/cuon 
Tertiary aleohols are obtained from ketones, esters, and dialkyl earbonates: 
RMgX + R/R^CO.. P? , nmR'cOH 
2 RMgX + R'COOR” —™® , RR'COH 
3 RMgX :- (R/0,CO 1O, RCON 
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(9) Addition of Acetylene or Hthylene to Aldehydes. A number of alcohols can be 
syuthesized by this reaction in the presence of a copper acctylide catalyst (2): 
HC:iCH + HCHO BO. ΠΟ ΟΟΠΙΟΠΙ 
propargyl aleohol 
HC:HCOEILOIT 4- 4 H ———2 CEGCHSGCIBOLL 
n-propyl aleohol 
The reaction may also be carried out with ethylene and iron carbonyl hydride: 
2 CHe:CHy -+ Fe(CO) IT. + 4 HyO ~———> 2 CHCERCTRLOW -F Pe(llCQs)s 


(10) Fermentation of Carbohydrates. A number of industrial alcohols are obtained 
by fermentation procedures. Ethyl and n-butyl alcohols are probably the most im- 
portant of these, althongh 2,3-butanediol and two of the amyl alcohols have also been 
obtained in this way (see the individual alcohols; Glycols). 


UNSATURATED ALCOHOLS 


The vinyl alcohols do not exist as such, but in the free state always change to the 
isomeric aldehyde. However, polymers of vinyl alcohol and derivatives such as ethers 


[CTL: CHOH] > CIGECHO 





and esters do exist. These are prepared by the addition of alcohols and acids, respee- 
tively, to acetylene. See “Chemical Reactions,” p. 3805; Vinyl compounds. 

Allylic alcohols are very reactive compounds, the double bond activating the 
hydroxyl] group. Allyl alcohol (q.v.), the most important member of this group, is now 
made by the high-temperature chlorination of propene followed by hydrolysis of the 
allyl chloride: 


CH: CHCH; + Cle 2°S, Cry: CELCTaCl + TIGL 


Ch: CHCIRCI + NaOH > Ch: CHCIHLOH + NaCl 
allyt alcohol 





Acetylenic alcohols may be prepared by the dehydrohalogenation of an «,6+dihala 
alcohol; 


RCUBr.CHBr.CH,OH + KOH ———> RCIC.CILOH -- 2 KBr + 2 11,0 


A more efficient method is the reaction of acetylene with aldehydes in the presence of 
copper, silver, gold, or mercury under pressure: 


πο + 2 CHO ——> CHLOF.CiC.CHLOLL 
HCiGll -+ CHCITO ———9 CIE CHOLILC: CU 
These acetylenic alcohols are becoming important intermediates lor the synthesis of 
industrially important materials, such as resins, plastics, and synthetic rubber. 
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ALCOHOLS, HIGHER 


The higher alcohols considered here are the saturated aliphatie alcohols containing six 
or more carbon atoms (sce also Alcohols), Lower members of this series are usually 
oily liquids, the viscosity of which increases with molecular weight, but the compounds 
of high molecular weight are waxlike solids. The number of possible isomers of the 
higher alcohols reaches an astronomical figure. For examples, the calculated number 
possible for octyl alcohol is 89; for a Cy alcohol, 507; for a Ca, over 5,000,000; and 
for a Cy) aleohol, over 95,000,000,000. Only those alcohols of commercial importance 
will be included in the following discussion. 

In general, the series of higher alcohols exhibit definite trends in the variation of 
physical properties. Thus, the water solubility decreases and the oil solubility in- 
creases with increasing molecular weight. The boiling points of the normal or straight- 
chain primary monohydrie aleohols inerease progressively with molecular weight, the 
rise being of the order of 20°C. for each CH, addition. The specific gravity (dig) of the 
normal alcohols increases slightly as the molecular weight increases, by approximately 
0.006 unit from even to odd numbers of carbon atoms, and 0.0048 from odd to even. 

Many higher saturated alcohols are found in nature in the form of essential oils 
and waxes. l'or example, n-nonyl aleohol is fouud in the oil of unripe orange skins 
while cery] aleohol, CHa(CH2)aCH.OH, is found combined with cerotic acid in Chinese 
wax (which also contains a 28-carbon alcohol), as an ester in the sweat of sheep, in 
carnauba wax, beeswax, and the wax of the flax plant. Most of the commercially 
important higher aleohols are now produred synthetically, but a few are still obtained 
from natural sources by catalytic reduction of the corresponding fatty acids (or oils 
such as coconut oil), or by hydrolysis of a naturally occurring ester of the alcohol con- 
cerned. See Esters, organic; Fats and fatty oils; Fatty acids; Oils, essential; Wares. 

The higher alcohols are used extensively as solvents in medicinal and cosmetic 
preparations, in perfume manufacture, as intermediates for detergents and wetting 
agents, as extractants and solvents for materials in lacquers and varnishes, and as 
intermediates in organic synthesis, especially im the manufacture of plasticizers for 
synthetic resins. Some are used as flotation agents and some as defoaming agents. 
See Cosmetics; Detergency; Flotation; Foams; Perfumes; Plasticizers; Solvents; 
Surface-active materials. 


1-Hexanol 


1-Hexanol (L.U.C.) (n-hexyl aleohol, amylearbinol), n-CH;(CHo), CH;OH, formula. 
ΜΗ 102, m is a mild-odored, colorless liquid; m.p., —44.6?C.; b.p., 157.2?C.; 
dà 0.8208; n5, L4181; soly. in water at 20"C., 0.5895; soluble in ethyl aleohol and 
ether. It is found as an ester in the essential oil of the seed of Heracleum giganteum. 
The most generally used commercial method of preparing 1-hexanol is by aldol 
condensation of butyraldchyde with acetaldehyde, Followed by dehydration and 
hydrogenation: 
CGEHSCIISCH;CHO 4- CH;CHO ————— OH,CHSCH;OH: CHOHO ———5 CH3(CH),«CH,0H 
Tt can also be synthesized by the reduction of ethyl caproate or caproamide with 
sodium and absolute aleohol (4). 1-Hexanol is supplied in one standard grade, in 1- 


gal, and §-gal. cans and 55-gal. drums. 
‘1-Hexanol is a solvent for organic materials, gums, and dyes. Ít is used princi- 
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pally for the introduction of the normal hexyl group in the manufacture of compounds 
employed as hypnotics and antisepties, aud of certain other pharmacenticals. Tt ts 
uso a starting point in making caproic acid and synthetic perfumes. Tt finds applica- 
tion as a plasticizer, as an intermediate for textile- and lealher-fiuishing agents, and 
in the preparation of certain detergents. 


4-Methyl-2-pentanol 


4-Methyl-2-pentanol. (LU.C.) (isobutylinethylmethanol or methylisobutylear- 
biuol, usually called “methyl amyl alcohol,” an unsatisfactory name for this secondary 
branched-chain hexyl alcohol), (CH; :»CHCH.CHOH.CH,, formulas weight 102.17, is a 
water-white, stable liquid; m.p., — 90°C. (sets to a glass below this temperature); 
b.p., 181.8°C.; 2}, 0.8079; «2, 1.4081; soly. in water at 20°C., 1.795; soluble in 
ethyl alcohol, hydrocarbons, and most, organie liquids. Tt gives the usual reactions of 
the monohydrie secondary alcohols. It possesses au asymmetrie carbon atom, und 
the two optical isomers have been isolated; the dextrorotatory form, propared from 
the brucine salt of the acid phthalic ester, has [e]?* +20.4°, and the levorotatory 
form obtained similarly from the brucine salt of the acid suecinie csier has (a) 
—20.8°. The commercial form is the racemic mixture, and itis supplied in one grade, 
in I-gal. and 5-gal. cans, 55-gal. drums, and tank ears. 

Methyl amy! alcohol is one of the many organie compounds discovered many 
years before production in industrial quantities was economically feasible. lt was 
first prepared about 1887 from zine dimethy! and valeraldehyde but was not available 
in quantity until 1933, when it was made commercially by the hydrogenation of mesityl 
oxide. 

Methyl amyl alcohol is à solvent for a number of dyes, oils, gums, resins, and 
waxes. It is used in lacquer formulations and, with suitable medium high-boiling 
active solvents, it imparts good flow-out, high gloss, and excellent resistance to blush- 
ing. Its performance characteristics are very similar to those of the commercial mix- 
ture of synthetic amyl ulechols. Tt is also an excellent frother in certain types of ore 
flotation. It presents little industrial toxicity hazard as long as prolonged exposure to 
the skin is avoided. Certain derivatives of methyl amyl aleohol, such as the acetate, 
are widely used iu Inequer formulations, aud the xanthate has been found of value in 
the flotation of ores. 


2-Ethyl-1-butanol 


2-Wthyl-l-butanol (LU.C.) (2ethyln-butyl aleohol, pseudohexyl alcohol), 
(C,H3)2,CHCHLOH, formula weight, 102.17; m.p., below —50°C.; b.p., 148.9°C.; 
go, 0.8328; n2!, 1.4229; soly. in water at 20°C., 0.43%. Like the other hexyl alco- 
hols, it is a colorless liquid, miscible with most organic solvents. 

This aleohol ean be made commercially by an aldol condensation of acetaldehyde 
and butyraldehyde. It is offered commercially in one grade, and is supplied in I-gal. 
aud 5-gal. cans and 55-gal. drums. Typical specifications are: (Z) acidity, not more 
than 0.02% by weight (as acetic); (2) color, water-white; (3) dj, 0.830-0.835. 

2-Ethyl-1-butanol is used as a latent solvent in lacquer and synthetic-resin varnish 
formulations where a high-boiling alcohol is desirable, and also as a penetrant and as à 
coupling agent. In processes where the controlled and complete removal of water by 
azeotropie distillation is desirable, ethylbutyl aleohol is unusually effective. It is 
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valuable as a starting point in synthesizing esters for both perfume and plasticizer 
manufacture. Its esters with dicarboxylic acids are plasticizers possessing low vola- 
tility and good compatibility with most resinous materials, Its reaction produet with 
naphthalene and sulfuric acid is a valuable wetting agent. 


2-Heptanol 


2-Heptanol (1.U.C.) (methyl-n-amylearbinol, a secondary 7-carbon or heptyl aleo- 
hol), CH,(CH2),CHOH.CH,, formula weight 116.20, is a stable, colorless liquid; b.p. 
160.4?C.; d», 0.8187; nz", 1.4223; soly. in water at 20°C., 0.35%. It is made syn- 
thetically (9) and is sold in one standard grade, in I-gal. and 5-gal. cans and 55-gal. 
drums. 

2-Heptanol shows excellent solvent power for both natural and synthetic gums, 
waxes, and resins; mineral, vegetable, and animal oils and fats; as well as for many 
dyes. By means of 2-heptanol, its secondary heptyl group, CH,(CH2),(CH,)CH—, 
may be introduced into plasticizers, xanthates, and wetting agents. Its esters are use- 
ful in the manufacture of perfumes aud its amino derivatives are used as vasocon- 
strictors. 

1-Octanol 


1-Octanol (1.U.C.) (primary n-oetyl alcohol, n-heptylearbinol), CH;(CH,) ;CH.OH, 
formula weight 130.23, is a colorless liquid with u penetrating odor; m.p., —14.5°C.; 
b.p., 194.5°C.; dij, 0.827; ng’, 1.430; miscible with alcohol, chloroform, and ether; 
immiscible with water. [Esters of n-octyl alcohol are found in the essential oils of 
various species of Heracleum, "The aleohol is made as a by-product of the hydrogen- 
ation of coconut oil fatty acids in the production of lauryl alcohol. 

n-Octy} alcohol is a raw material for the preparation of caprylic acid, octaldehyde, 
n-octyl acetate, n-octyl pthalate, and various esters of eaprylie acid. Its main use is 
in making a polyacrylic ester for increasing the viscosity of mineral oils in hydraulic 
systems. It is also an ingredient of perfumes and perfumed cosmetics. 


2-Octanol 


2-Octanol (1.U.C.) (methyl-n-hexylearbinol, capryl aleohol, a secondary n-octyl 
alcohol), CH3(CH2);CHOH.CH,, formula weight 130.23, is an oily, viscous, refractive 
liquid with an aromatic odor; m.p., ~38°C.; b.p., 178-179°C.; di’, 0.825; nz’, 1.497; 
soluble in ethyl alcohol and ethyl ether; insoluble in water. 
Commercially, 2-octanol is obtained togetlier with sodium sebacate from castor 
oil by heating a castor oil soap with sodium hydroxide: 
^ NaOH 
CH;(CH4CHOH.CH3CH : CH(CT2COO Na ———— 
CHCH CHOH. CH; + Na QOC (CH:)eCOONa 


Hydrogen and methyl n-hexyl ketone (2-oectanone, CH4COC4H;s) are by-products of 
this reaction, and the technical 2-octanol obtained by this process consists of a mixture 
of approximately 85% 2-octanol and 15% methyl hexyl ketone by weight (1,7). ‘The 
latter may be removed by fractional distillation or by hydrogenation to 2-octanol. 
This alcohol is supplied in pure and technical grades. 

The pure product is used in rose and jasmine perfumes, in organic syntheses, and 
as an antifoaming agent. ‘The technical grades of 2-octanol are used as solvents for 
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many resins and iu some protective formulations to improve flow and leveling. Tts 
esters, such as di-sec-n-octyl phthalate, find use as plasticizers. ' 


2-Ethyl-1-hexanol 


2-Ethyl-1-hexanol (LU.C.) (2-ethyl-m-hexyl aleohol, a primary branched-chain 
octyl alcohol), CH;(CH:)CH(C:H;)CH:OH, formula weight 130.23, is a colorless, 
slightly viscous liquid; m.p. below —76.0?C.; b.p, 183.5?C.; dà, 0.8340; mj, 
1.4313; soly. in water at 20°C., 0.10%; miscible with most organic solvents. With 
water it forms a heterogeneous constant-boiling mixture that boils at 99.1°C., the dis- 
tillate containing 20% by weight of the alcohol. 2-Ethyl-I-hexanol is synthesized on à 
commercial scale and is supplied in only one grade, in 1-gal. and 5-gal. cans and 55-gal. 
drums. 

Like most alcohols, when used in combination with solvents for nitrocellulose, 2- 
ethyl-1-hexanol increases the solvent power of the true solvent. Because of its high 
boiling point it is used, together with high-boiling esters, in the formulation of lacquers 
and coatings when slow evaporation rates are desired, 2-Ethyl-1-hexanol is an excel- 
lent defoaming agent for use in the photographic, varnish, paper-coating, rubber latex, 
textile-printing, and ceramic industries, and can be used to advantage wherever foum- 
ing is undesirable. It is used as a dispersing agent in the grinding of pigments and 
in the preparation of slips or slurries of clay for the ceramic industry. The sodium 
sulfate derivative of 2-ethyl-1-hexanol (Tergitol 08) is used as a wetting agent in the 
preparation of mercerized cotton, and the addition of small amounts of this alcohol to 
the eresols produces execllent penetrants for this process. 2-Ethyl-l-hexanol is an 
economical intermediate for introducing the 2-ethyl--hexyl group into other com- 
pounds. Its esters with dicarboxylic acids such as di(2-ethyl-n-hexyl) phthalate and 
tri(2-ethyl-n-hexyl) phosphate are excellent plasticizers for synthetic resins and rubbers, 


1-Decanol 


1-Decanol (I.U.C.) (n-decyl alcohol, n-nonylearbinol), CH;(CH2)sCH,OH, formula 
weight 158.28, is a colorless to light~yellow liquid with a sweet fatlike odor; m.p., 
—6?C.; b.p., 231?C.; d, 0.829; mp, 1.4368; soluble in aleohol, ether, benzene, and 
glacial acetic acid; insoluble in water. This primary alcohol is the only one of the 10- 
carbon alcohols that is commercially important. 

n-Decy] alcohol is manufactured commercially by the catalytic reduction of coco- 
nut oil and of coconut oil fatty acids or their esters under high pressure. This alcohol 
can also be prepared by boiling together, for a long time, capric aldehyde (capralde- 
hyde, CH3(CH,)sCHO) and glacial acetic acid in the presence of zinc dust or powder, 
precipitating with water, and distilling under reduced pressure. It is supplied in only 
one technical grade, in 55-gal. drums and 10,000-gal. tank cars. 

n-Decyl alcohol is converted into sulfonated products that are surface-active 
agents, and is used as an intermediate for the manufacture of perfumes, particularly 
orange neroli and violet odors, It also iy used ag an antifoaming agent and in the 
manufacture of detergents and esters. 


5-Ethyl-2-nonanol 


5-Ethyl-2-nonanol (I.U.C.) (methyl(3-ethyl-n-heptyl) earbinol, also called “un- 
decanol,” incorrect name for a secondary, branched-chain, 11-carbon or undecy! 
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alcohol), CELCCHa) CH (C:H5) (CH3) CHORI CH;, formula weight 172.30, is a colorless 
liquid; m.p. —70?C. (sets to a glass below this temperature); b.p., 225.4?C.; d», 
0.8363; ni, 1.4393; soly. in water at 20°C., less than 0.02%; soluble in ethyl alcohol, 
ether, and most hydrocarbons. 

It is supplied commercially in a technical grade only, in 1-gal. cans and 5-gal. and 
55-pal. drums. Spevifications are: (1) acidity, not more than 0.02% by weight (as 
acetic); (2) maximum APHA color (Pt-Co scale), 90 (see Color); (3) di8, 0.8350- 
0.8400; (4) boiling range, 220-245°C. at 760 mm. He. 

5-Ethyl-2-nonanol is used as a base far the manufacture of wetting agents and 
detergents, and in organie syntheses. 


1-Dodecanol 


1-Dodeeanol (LU.C.) (n-dodecyl alcohol, lauryl alcohol), CH4(CHz) 4 CH3OH, 
formula weight, 186.33; m.p., 24°C.; b.p., 255-259°C.; dj’, 0.8309, This primary 
alcohol is soluble in ether and ethyl alcohol and crystallizes from dilute solutions of the 
latter in a leaf form; if is insoluble in water. 

Lauryl alcohol has long been available commercially by the sodium and absolute 
aleohol reduction of ethyl laurate prepared from coconut oil. At the present time, 
however, the same process as that for n-decyl alcohol, the catalytic roduetion of coco- 
nut oil and coconut oil fatty acids or their esters under high pressure, is widely used. 
With the development of catalytic hydrogenation of esters to primary alcohols, lauryl 
alcohol became commercially important, and it is now sold in a mixture with lower and 
higher alcohols (5). 

When converted to its sodium sulfate derivative, it forms an important detergent 
with many propertics superior to those of soap. This detergent can be used in salt and 
hard water and in slightly acid solutions that precipitate the fatty acids from ordinary 
soaps. Pure sodium lauryl sulfate is not so useful a detergent as a mixture with iis 
higher homologs. These are obtainable from oleic and stearic esters as well as from the 
mixture of esters obtainable from higher acids produced by oxidation of petroleum 
fractions. 


1-Tetradecanol 


1-Tetradecanol (J.U.C.) (n-tetradecy! alcohol, myristyl aleohol, the primary, 
straight-chain, 14-carbon alcohol), CH3(CH2)12.CH,OH, formula weight, 214.38; m.p., 
87.62°C.; b.p., 263.2°C.; di, 0.8236; soly. in water at 20°C., 0.02%. It is soluble in 
ether and partly soluble in ethyl alcohol, and crystallizes from the latter in the form of 
opaque leaflets. 

Myristyl alcohol is obtained commercially by hydrogenation from myristic acid 
occurring naturally in coconut oil (5). A small amount of this alcohol can be obtained 
from spermaceti wax by saponification. 

It is used on a limited commercial scale for the manufacture of n-tetradecyl mer- 
captan, a polymerization regulator in synthetic-rubber manufacture. It also shows 
possibilities as an intermediate in the synthesis of detergents and other organie com- 
pounds. 


7-Ethy]-2-methyl-4-undecanol 


7-Ethyl-2-methyl-4-undecanol or -hendecanol (I.U.C.) Gsobutyl(3-ethyl-n-heptyl)- 
earbinol, known commercially ag “tetradecanol,’’ an incorrect name for a secondary, 
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branched-chain, 14-carbon or tetradecyl aleohol), CH (CH) CH (CH) (CH) CH- 
OH.CH;CH(CH;)», formula weight, 214.38; m.p., —65?C. (sets to a glass below this 
temperature); b.p., 264.1°C.; d$», 0.8355; nj’, 1.4443; soly. in water at 20°C., less 
than 0.02%. It is made by a synthetic process from lower-molecular alcohols, It is 
a stable liquid with a mild odor, and it is miscible with ethyl alcohol, ether, linseed oil, 
and most hydrocarbons. It is not readily oxidized and does not turn rancid Lhrough 
oxidation or polymerization. It is generally useful as an intermediate for the intro- 
duetion of its branched tetradecyl group into other compounds. 

The alcohol ig supplied commercially in L-gal. cans and 5-gal. and 55-gal. drums 
and has the following specifications: (1) dos, 0.8320-0.8380; (2) boiling range, 255- 
270°C. at 760 mm. Hg; (3) maximum acidity, 0.10% hy weight (as acetic); and (4) 
maximum APHA color (Pt-Co seale), 90. 

This tetradecyl alcohol finds its most important application in the manufacture of 
wetting agents (Tergitol 4). It is also useful as an antifoammg agent, especially where 
high temperatures are encountered, and as an intermediate for the manufacture of 
plasticizers, perfume esters, cosmetic bases, certain pharmaceuticals, dyes, detergents, 
flotation agents, and insecticides. 


Cetyl Alcohol 


Cetyl aleohol (i-hexadecanol (1.U.C.), n-hexadeeyl alcohol, palmityl aleohol, 
"ethal," "ethol"), CHs(CH,),,CH2OH, formula weight, 242.44; m.p., 49.3?C.; D.p.. 
344°C; dii, 0.8176; ni"? 1.4983. In its pure form eety! aleohol is white, crystalline, 
and waxlike, and has a rose odor. Soluble in ethyl alcohol, chloroform, and ether, it is, 
however, insoluble in water. In compounding such preparations as cosmetics, cetyl 
alcohol is treated as an unsaponifiable ingredient, and may bo dissolved in the oil- 
soluble materials. 

This alcohol was first obtained by Chevreul from spermaceti over a century ago. 
The name cetyl is derived from the Greek work kelos meaning whale, since the 
sperm oil found in (he head and vertebrae of the sperm whale is the chief source of 
spermaecti. Cetyl aleohol is prepared commercially by the catalytic reduction of fats 
containing palnitic acid (5), and by saponification of spermaceti wax containing about 
40% of this aleohol. In 1945, according to the U.S. Tariff Commission statistics, 
97,300 lb. of cetyl alcohol was produced in this country. It is supplied commercially 
in two domestic and imported grades, ¢.p. and commercial. 

Cetyl alcohol is used widely in medicinal preparations and in cosmetic prepara- 
tions such as face creams, lotions, lipsticks, shaving creams, toilet soaps, shampoos, 
and face powder. It is also used as a fixative in perfumes and as an ingredient of de- 
tergents. 


3,9-Diethyl-6-tridecanol 


8,9-Diethyl-6-tridecanol (1.U.C.) [(8-ethyl-n-amyl) (3-ethyl-n-heptyl) earbinol, eal- 
led commercially “heptadecanol,” an incorrect name for a secondary, branched-chain, 
17-carbon or heptadecy] alcohol], CH,(CH2)s,CH (CoH) (CH2) ,CHOH(CH2)2CH (CoH), 
formula weight, 256.46; m.p., —60°C. (sets to a glass below this temperature); bp., 
309°C. ; dip, 0.8475; na, 1.4531; soly. in water at 20°C., less than 0.02%. It is c 
mild-colored, stable liquid, and is soluble in ethyl alcohol, ether, and many hydro- 
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carbons. It is not readily oxidized and hence docs not burn rancid through oxidation 
or polymerization. 

It is supplied commercially in a techinieal grade, in 1-gal. cans, 5-gal. and 55-gal. 
drums, and its commercial specifications are as follows: (7) d$9, 0.8450-0.8550; (2) 
boiling range, 205-325°C.; (3) maximum acidity, 0.50% by weight (as acetic); and 
(4) maximum APHA color (Pt-Co seale), 90. 

This heptadecyl] alcohol is useful as an antifoaming agent, especially where high 
temperatures are encountered and the more volatile antifoaming agents would be lost 
by evaporation, For instance, it is used as a defoamer to increase the capacity of the 
deep-tank fermentation method of making penicillin. As a synthetic intermediate this 
alechol is interesting for the manufacture of plasticizers, perfume esters, cosmetic 

. bases, certain pharmaceuticals, dyes, wetting agents, detergents, flotation agents, and 
insecticides. Its sodium sulfate derivative (Tergitol 7) is one of the most powerful 
wetting agents known. 
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Hexitols, 331; Uses of Hexitols, 331. 


Survey: Physical Properties, Occurrence, Synthesis 


The higher polyhydric aleohols (polyols) to be discussed here have (with two 
exceptions, pentaerythritol and inositol) the general formula CH,OH(CHOH),- 
CH.OH, where 7 has the value 2 to 5. They are sometimes called “sugar aleohols” 
because of their close relationships to the simple sugars, from which their names are 
derived (see Carbohydrates). These alcohols are classified according to the number 
of hydroxyl groups into tetritols, pentitols, hexitols, ete., and each class contains 
stereoisomers, the number increasing rapidly with the number of asymmetric carbon 
atoms. All of the three tetritols, four pentitols, and ten hexitols arc known. Some 
occur naturally while the others have been synthesized. 

A few of the polyols higher than hexitols are known. As a group the polyols 
are water-soluble crystalline compounds with feeble optical rotations and they 
range in taste from slightly sweet to very sweet. Only pentaerythritol and the 
hexitols sorbitol, mannitol, and dulcitol are industrially significant. 
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TETRITOLS 

Erythritol (1), m.p., 120°C.; optically inactive (meso configuration); solu- 
bilities (5): in pyridine at 20-25°, 2.5%; in aqueous pyridine (50-50), 8.4795; 
in water, 61.5%; very sweet taste. It occurs in lichens, algac, and yeasts and is 
synthesized by reduction of erythrose or erythronic lactone, and by hydration of 
butadiene dioxide (1,2;3,4-diepoxybutane). 

D- and L-Threitol (II), m.p., 88.5-90°C.; optical rotation [alp, +4.3° and 
—4.3? (water), respectively; very soluble in water; sweet taste. They have not 
been found in nature, but are synthesized by reduction of n- and r-threosoe. 


FLCOH H,COIT. FLCOH o 
| | CHOLE 
HCOH HOCH HCOE ο . l f 
| l | TOCH: -O--CH OH 
HCOII που HOCH . 
l | | ΤΠΌΤΙ 
ILCOH TECOHL HCOOH 
Erythritol D-Threitol L-Threitol Pontaerythritol 
(T) an (IIT) 


Pentaerythritol (q.v.) (III), m.p., 260°C.; optically inactive (no asymmetric 
carbon atoms); very soluble in water, much less so in alcohol; the technical prodnet 
contains appreciable amounts of dipentaerythritol (IV) and some tri- (V) and per- 
haps higher polypentaerythritals formed conewrently during the synthesis. 


CH,OH. COH 
ποπις- ὁ--ομ, —0— CHCOOH 
ΒΟΉ b HOTU 
(IV) 
CHOH GFROH CHOI 
HOCE CH -0C 1--ο8ν--0--ον--ὁ--Οπιοτί 
ΠΠΟΗ CHO dino i 
(Ὁ 


The reaction mechanism for their formation has not been olueidated. (3). 

Pentaerythritol does not occur in nature. ‘There are many patents on the 
synthesis, which is essentially the condensation of formaldehyde with acetaldehyde 
in the presence of alkali, usually sodium hydroxide or ealeium hydroxide, at room 
or somewhat higher temperatures, The reaction course may be considered a two- 
step affair, the first being the simple aldol condensation of three moles of formalde- 
hyde with one of acetaldehyde, followed by a Cannizzaro reaction with another 
mole of formaldehyde to yield pentaerythritol and formic acid. The overall reac- 
ton, then, is 4 H;CO -+ CH;CHO — C(CH,OH), + HCOOH. In modifications, 
copper, cuprous oxide, or copper oxalate is used as catalyst, alone or in the presence 
of lower fatty amides. One patent discloses the use of an anion-exchange resin to 
maintain the desired alkalinity. Pentaerythritol is used chiefly in the manufacture 
of alkyd-type resins and drying vils, and as the tetranitrate in oxplosives. 


PENTITOLS 


The pentitols are ribitol, xylitol, and p- and r-arabitol, 
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COH TLCOH HSCOH 
TICOTI udon HOO 
néon nota noba 
HCOOH H bo H HOUH 

HSCOH T mCon 
Ribitol Xylitol r-Arabitol 

(VI) (VII) (VIII) 


Ribitol (VI) (adonitol), m.p., 102?C.; optically inactive (meso configuration); 
very soluble in water, soluble in hot alcohol; sweet taste. It is found in nature in 
Adonis vernalis, and also in a combined form in vitamin Be (riboflavin) (13). Ribitol 
is synthesized by reduction of D- or L-ribose. Though p-ribose occurs naturally in 
the biologically important nucleosides, it is not sufficiently abundant to make 
ribitol a cheap, commercial polyol. 

Xylitol (VII), metastable form, m.p. 61-61.5°C. (20); stable form, m.p. 93- 
94.5°C. (4); optically inactive (meso configuration); solubility of stable form at 
26°C. in absolute methanol 6%, in absohite ethyl aleohol 1.2%, and in water 64.2%; 
very sweet taste. It is not found in nature, but is synthesized by reduction of D- or 
L-xylose. n-Xylose or wood sugar is very widespread and abundant in nature, 
occurring mainly in the form of the hemicellulose xylan. However, economical cou- 
version and recovery of the xylose has not yet been effected so that xylitol cannot be 
considered a commercially available polyol. 

L-Arabitol (VIII), m.p., 102?C.; optieal rotation [a]p, —5.4? (saturated borax 
solution); very soluble in water and boiling 90% alcohol, slightly soluble in cold 
alcohol; sweet taste; it is not found in nature, but is synthesized by reduction of 
L-arabinose or L-lyxosc. r-Arabinose, like p-xylose, is widespread and abundant in 
nature, occurring mainly in the form of the hemicellulose araban, Here, too, the 
conversion to arabinose auc its recovery cannot be economically accomplished so 
that arabitol cannot as yet be considered a commercially available polyol. 


HEXITOLS 
The configurations of the hexitols are given below: 

H,COH ILCOH OOH. ILCOH HCO H;COH 
HCOH uton ποπ Πόση πούη nton 
HOCH HOUSE HOOH Hodr HoH acon 
πουπ . néon nou HoN ΗΟΟῊ ndon 
HCOH HCOH OOH Hobe | HOOK adon 
m meon , WOH meon meon mCon 
Duleitol Sorbitol n-Manuitol 1-iditol n-Talitol Allitol 
(TX) (X) (XD (XII) (XII) (XIV) 


Dulcitol and allitol are optically inactive, while the optical antipodes of the other 
four are known, making a total of ten. 

 Dulcitol (IX), m.p., 188.5°C.; optically inactive; sparingly soluble in water 
and alcohol; slightly sweet taste. It is found naturally in Madagascar manna and 
in exudates of a large variety of plants. It is synthesized by reduction of galactose 
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or reduction of hydrolyzed lactose to yield sorbitol as well. Duleitol is not so im- 
portant commercially as sorbitol and p-manuitol. 

Sorbitol (X), labile form, m.p. 91-02?C.. (17); stable form, m.p. 97*C.; optical 
rotation fal}, —1.98 (water); very soluble in water, hot methanol, and hot pyridine, 
and slightly soluble in ethyl alcohol. Tt is widespread in nature, being found in red 
seaweed, sorb apple, and certain other berries (13.6-38%). 1 is also found in many 
fruits but only in insignificant amounts in grapes, so that a sorbitol assay makes 
possible the detection of adulteration of grape wine with other fruit wines. It is 
synthesized by reduction of p-glucose, p-fruetiose, L-gulose, and b-mannose; com- 
mercially, the electrolytic and high-pressture hydrogenation of glucose are the most 
important processes. Also, the disproportionation of glueose into sorbitol and 
gluconie acid in the presence of platinum black and alkali has been reported (6,14). 

n-Mamnnitol (XI), m.p., 166?C.; optical rotation [oli?, —0.244 (water); [a]D, 
—0.208 (caled.); sp.gr., 1.487; sp.heat, 0.327 (28-100°C.) and 0.315 (14-20?); 
heat of combustion, 4.0 cal. per gram (2). Solubility: in botling dioxane, 0.11% (10); 
in pytidine, al 20-25°, 0.47%; in aqueous pyridine (50-50), 2.46%; in water, 
18.98% (δ). It is widespread in nature, being found in the exudates of some trees 
such as the plane tree (80-90%) and olive tree, The mauna ash, raxenus ornus, 
whose manna contains 30-50% mannitol, was formerly cultivated in Sicily for its 
mannitol. This polyol is also found in various other shrubs, trees, grasses, herbs, 
and flowers, and in some seaweeds, fungi, and lichens. Tt is synthesized by reduction 
of p-mannose, D-fructose, p-glucose, or hydrolyzed cane molasses. Although 
vegetable ivory nut has a high content of mannan (D-mannose polymer), mannitol 
from this source cannot compete in eost, with that obtained simultaneously with 
sorbitol in the reduction of glucose (in the presence of alkali) or hydrolyzed molasses. 
Next to sorbitol, mannitol is the cheapest available hexitol, 

u-Iditol (XII) (sorbierite), m.p., 73.5°C.; optical rotation [ol p, —3.5? (water); 
very soluble in water; sweet taste; hygroscopic. It is found in nature in the sorb 
apple with sorbitol and is synthesized hy reduction of r-sorbose, which also yields 
sorbitol, or by reduction of r-idoso. 

D-Talitol (XIII), m.p., 86?C.; optieal rotation [alp, +3.05 (water); very 
soluble in water, soluble in alcohol; sweet taste; hygroseopie. Lt is not found in 
nature but is synthesized by reduction of p-talose. 

Allitel (ATV), m.p,, 155°C.; no optieal rotation (meso configuration). Tt is 
not found in nature, but is synthesized by reduction of p- or L-allose, or oxidation of 
sym-divinylglycol (1,5-hexadiene-3,4-diol) with silver chlorate and osmic acid (19). 


TNOSITOLS 


These are a group of hexahydric alcohols characterized by a cyclic structure 
and the formula CsHs(OH)s, having two hydrogen atonts less in the molecule than 
the hexitols. Of the nine possible stereoisomers (two being optically active and 
enantiomorphous) only these four occur in nature. The distribution is widespread 
in plants and animals so that the inasitols are obviously biologically important. 
Attempts have been made to develop commercial processes for the manufacture 
of p- or meso-inositol ut the cost is too great, und hence the usefulness of these 
alcohols appears to be limited. Aside from the recovery of D- and r-inositol from 
their methyl ethers, no synthesis has been carried out. The meso form has been 
synthesized by reducing hexahydroxybenzene. 
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meso-Inositol (XV), m.p., 225°C. (222°); optically inactive; very soluble in 
water, sparingly in alcohol; crystallizes from water below 50°C. as the dihydrate; 
sweet taste. It occurs in plants mainly in the form of a hexaphosphorie ester called 
phytic acid, which can be isolated as the calcium salt from corn steep liquors. 
Also, a naturally occurring monomethyl ether and two dimethyl ethers are known 
that yield meso-inositol on heating with hydriodie aeid. meso-Inositol is a con- 
stituent of certain vitamin-like substances that are growth promoters. 

Seyllitol (X VI), m.p., 348.5?C. (eor.; the temperature was determined thenno- 
electrically (15)), is an inactive form and is quite rare. 

p- and L-Ínositol (X VIT) have identical properties: m.p., 247-8°C.: optical 
rotation [o]p --65.0? (water) for p-inositol, and [a]B —04.1? for r-inositol; 
solubility in water at 11°, ahout 40%; swect taste; crystals from water of the 
dihydrate, which rapidly becomes anhydrous at 100°. v-Inositol occurs principally 
as the monomethyl ether (called pinitol, sennitol, or matezitol). The richest 
source is coniferous trees. When the monomethyl ether is heated with hydriodie 
acid, D-inositol is obtained. r-Inositol likewise oceurs as the monomethyl ether, 
quebrachitol, from which it can be recovered by heating with hydriodie aeid. 
The p,L-racemate occurs in mistletoe berries. 


HEPTITOLS 


This group is purely of academic interest, although two members occur in 
nature, perseitol and sedoheptitol (volemitol). They may be considered as built up 
from D-mannose and hence, chemically, are D-a-mannoheptitol and »-f-manno- 
heptitol. The general synthetic process consists of treatment of the appropriate 
aldose with hydrogen cyanide, hydrolysis to the acid, followed by lactonization and 
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reduction; the resulting polyol, of course, contains one more carbon atom than the 
original aldose. The intermediate parent sugar is usually isolated first. This 
method was first utilized by ©. Fischer (7). Another approach to the production of 
higher polyol homologs is provided by the additive reaction between nitromethane and 
aldoses to give i-nitro-1-desoxypolyols (8). Hydrolysis of the sodiun salt of these 
compounds with acid followed by reduction should furnish tle corresponding alcohol. 
Or, possibly, the nitro derivative could be reduced first, followed hy nitrous acid to 
yield the same polyol. 


Reactions 


-Anhydridizaiion. The polyols show the customary reactions of alcohols (¢.v.) and 
polyhydroxy compounds. Very characteristic is the tendency toward formation of 
stable anhydrides, or inner ethers, by loss of one or two molecules of water from one 
molecule of polyol under the influence of heat, particularly with mineral acid 
catalysts. The monoanhydro derivatives of hexitols, for example, are called 
hexitans, and the dianhydro derivatives herides. 

The tetritols and pentitols undergo anhydridization readily to the mono- 
anhydro stage. Although no study has been made on the preparation of their 
dianhydro derivatives, from the studics in the hexitol series it is unlikely that the 
tetrides or pentides will be obtainable directly from the parent polyol. There is 
only one known dianhydride, butadiene dioxide, which is dianhydroerythritol. 

Two naturally oceurring hexitans are known, polygalitol (1,5-sorbitan) and 
styracitol (1,5-mannitan). These cannot be prepared directly from sorbitol or 
mannitol. When a parent hexitol is anhydridized the 1,4-monoanhydro derivative 
is obtained; on further anhydridization it is converted to the 1,4;3,6-dianhydro- 
hexitol (hexide). In addition the 3,6- and 2,5-monoanhydro derivatives may be 
obtained by indirect means. Of the theoretically possible inner anhydrides only 
1,4-sorbitan (trade name, Arlitan), m.p. 114-115?C., aud 1,4;3,0-sorbide (isosor- 
bide), m.p. 61-627, appear to be of any potential commercial availability. As a 
group, the aulydrides are distillable without decomposition under vaeuum if free 
of acid or ash. The range of solvents and solubilities in organic solvents increase 
from hexitol through hexitan to hexide. 

Pentaerythritol and inositol are exceptional in that they cannot directly form 
inner anhydrides because of their structure. 

The tendency to form external ethers between two polyol molecules is quite 
small except perhaps under drastic conditions. External ethers (such ag IV and V) 
of pentaerythritol are formed as a by-product during the manufacture of the penta- 
erythritol. | 

Oxidation. The polyols, like the parent carbohydrates, are readily attacked 
by a variety of oxidizing agents, some of which are selective and others general. 
Permanganic, chromic, and nitric acids degrade the polyols to carbon dioxide. 

` With dilute nitric acid it is possible to obtain intermediate organie acids such as the 
corresponding dicarboxylic acids. Mucic acid is an example and, while generally 
prepared by the oxidation of lactose or galactose, it cali be made by the oxidation of 
duleitol obtained by the hydrogenation of galactose or hydrolyzed lactose. Tnositol 
yields tetrahydroxybenzoquinone and rhodizonie acid. Careful oxidation with 
aqueous bromine will yield a mixture of aldo and keto sugars. This was the first 
manufacturing procedure used in preparing L-sorbose from sorbitol for vitamin C 
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(see Ascorbic acid). Today, the fermentative oxidation method has made the other 
obsolete. Lead tetraacetate (first studied in connection with polyols by Criegee) 
and periodic acid and its salts (first studied by Malaprade in connection with polyols) 
oxidize those polyols having two or more adjacent hydroxyl groups to formaldehyde 
and formic acid. Substituted polyols are oxidized to intermediate products de- 
pending on the position of the substituent. Hence, these reagents have proved 
valuable in the elucidation of the structure of the anhydrides of the polyols (Hockett, 
Goepp and co-workers) Certain polyols are oxidized almost quantitatively by 
' bacteria or molds under controlled conditions to single compounds. Thus, Aceto- 
bacter zylinum or Acetobacter suboxydans oxidize sorbitol to r-sorbose, p-mannitol 
to p-fructose, and arabitol to p-xyloketopentose. Dulcitol and xylitol are not 
attacked. 

Reduction. ‘The acyclic polyols-can he reduced by concentrated hydriodic acid 
or by high-pressure hydrogenation in the presence of certain catalysts (hydrogen- 
olysis). 1n the first case the end product is mainly & secondary alkyl iodide and 
some alkene without alteration of the earbon ehain. Pentaerythritol does not go 
beyond the triiodo stage when heated with concentrated hydriodic acid. The tetra- 
iodide can be prepared from the tetrabromide and sodium iodide. The inositols are 
also very resistant to reduction by hydriodic acid. High-pressure hydrogenation in 
the ease of the hexitols results in a breakdown to a variety of products, among 
which are glycerol, propylene glycol, hexanepentol, and hexanetetrol. This proeess 
was investigated in Germany as a source for glycerol or glycerol substitute inde- 
pendent of oils and fats. Though the starting raw material was glucose or hydro- 
lyzed starch, the primary reduction produets were undoubtedly hexitols. 

Acetal Formation, Like alcohols in general, the polyols react with aldehydes 
and ketones to yicld acetals and ketals. In contrast to the monohydric alcohols, 
they yield cyclic rather than open-chain products. Mono-, di-, or tri-acetals and 
ketals muy be obtained with hexitols depending on reaction conditions. The most 
important derivatives are methylene, ethylidene, benzylidene, and isopropylidene, 
prepared from formaldehyde, acetaldehyde, benzaldehyde, and acetone, respec- 
tively. Substituted benzylidene derivatives are often prepared. The o-chloro- 
benzylidene derivative is used in the detection and estimation of sorbitol in wines to 
determine adulteration of grape wine by other fruit wines. Higher acetals have been 
patented as latent flavors for foods while producta like the butylidenes and chloro- 
isopropylidenes have been suggested as plasticizers. 

Esterification. Tisters with organic acids can be prepared in the usual manner 
by reaction with acid anhydrides or acid chlorides. These generally lead to the 
formation of fully esterified products. With benzoyl chloride and. p-toluenesulfonyl 
chloride diesters can be obtained, thus indicating a detectable difference in reactivity 
of the two primary as compared with the secondary hydroxyl groups. Direct 
esterification of the hexitols with the free acids leads to the formation of esters of 
the hexitans and hexides. Esters with inorganic acids are also known, the most 
important of these being the nitrates; the fully nitrated products are all explosive. 
Pentaerythritol tetranitrate and mannitol hexanitrate are the only ones used by the 
explosives industry. Mannitol hexanitrate, in addition, is a valuable vasodilator 
behaving similarly to glycerol trinitrate and amy! nitrite but acting more gradually 
and having a more sustained action. A few acid phosphoric and sulfuric esters have 
been prepared, Chlorohydring may be prepared by reaction of the polyol with 
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concentrated acid. The original polyol may be regenerated on hydrolysis or anhy- 
drides of the polyol may be obtained depending on reaction conditions. The boric 
acid reaction products are glassy water-soluble resins that hydrolyze in water, If 
the reaction product is made neutral, the stability is considerably increased. In 
the case of mannitol and dulcitol, crystalline acid monoborie esters have hecn pre- 
pared. With boric, arsenic, and molybdie acids the higher polyols tend fo form 
association complexes that increase the acidity of the inorganic acid more or less 
strongly depending on the polyol. At the same time the optical rotation of the 
polyol is strongly enhanced. Rotational enhancement is also obtained with the 
salts of these acids. Soluble complexes are also formed with metallic oxides, espe- 
cially in the presence of alkali hydroxides. In some instances well-defined com- 
plexes can be isolated, particularly in the case of mannitol, with alkaline earth 
oxides or mixtures with ferrie oxide. 

Etherification. Ethers of the polyols are readily prepared by reaction with 
methyl or ethyl sulfate, with the appropriate alkyl or aralkyl chloride and alkali, or 
with methyl iodide and silver oxide. However, complete etherification of the higher 
polyols (hexitols) is difficult, to bring about. The reaction is not considered very 
selective. However, the fact that complete etherifieation is difficult indicates that 
there may be one or two hydroxyls in the hexitols that are more resistant or else 
that a steric effect is built up (9,11). Some of these etherificatious and products are 
covered by patents. In the case of the trityl (triphenylmethyl) ethers a definite 
selectivity is noted. Tvityl elloride reacts more readily with primary hydroxyl than 
with secondary so that it is possible to isolate ditrityl ethers. Another type of 
etherification that gives products of more value commercially than the above- 
described reaction products is the reaction of polyols with alkylene oxides such as 
ethylene oxide and propylene oxide to pive hydroxyethyl and hydroxypropyl ethers, 
In these produets there is no change in hydroxyl content per mole and, beeause of 
the changed spatial distribution of the hydroxyls, very little if any inner auhydridiza- 
tion results on reaction with acids. This reaction is covered by patents. 


Manufacture of Hexitols 


Only the technologically important hexitols will be discussed here. They are 
made by reducing carbohydrates, either electrolytically or by high-pressure hydro- 
genation. ‘There arc three main products: (7) A fairly pure grade of sorbitol, so- 
called “technical sorbitol,” from the electrolytic process, and Sorbo or Sionon, or 
sorbitol, from the high-pressure hydrogenation. (2) Pure p-mannitol. (8) A uon- 
crystallizing mixture of sorbitol and other related six-carhon polyols, chiefly hexane- 
pentols, of straight-chain or branched structure, and minor amounts of the lactones 
or sodium salts of hydroxy acids. Thìs is the so-called “commercial sorbitol solu- 
tion” and is sold under the trade name of Arlex. Itis made eleetrolytieally. 

From the foregoing the impression may have been formed that the process for 
making hexitols is a simple straightforward reduction. Sueh is not the case unless 
reaction conditions are rigidly controlled. The following equations, except for (1) 
and (2), which present the usual or classical concept of the formation of hexitols 
from carbohydrates, indicate the complexity of the by-products obtainable: (1) 


, a . . . . acid or 
Hydrolysis of oligosaccharides: di- or polysaccharide + ΒΟ -----» hexose 


enzyme 


(CoHieOs). (2) Reduction of hexose (aldose or ketose): hexose (CgllwOs) + He ανν 
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hexitol (CeHa(OH)s). (3) Reduction of carbonyl group to desoxy state: hexose + 
2 Ha — hexanepentol (CeH(O0H)) + H0; (a) aldose (CH:OH(CHOANCHO) > 
{-desoxyhexitol (CH,OH(CHOH),.CH;), (6) ketose (CH,OH(CHOH);COCH2OH) 
— 2-desoxyhexitol (CH;OH(CHOH);CHSCHaOH). This is characteristic of the 
electrolytic reduction. (4) Lobry de Bruyn isomerization. Glucose gives rise to 
mannose, fructose, allose, and probably other isomeric aldohexoses and ketohexoses 
by the action of mild aqueous alkali. This occurs in both electrolytic and high- 
pressure hydrogenations. (6) Alkaline cleavage of hexose to triose under alkaline 
conditions. This is indicated by the presence of lactic acid formed through the 
saccharinic rearrangement. This is more characteristic of the clectrolytic process. 
(¢) Rearrangement to saccharinic acid: monosaccharide -> saccharinic acid, 
This takes place as a result of prolonged mild-alkaline treatment of carbohydrate or 
rapid high-alkaline treatment. The suecharinie acid produced is isomeric with the 
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Fig. 1. Electrolytic process for sorbitol and mannitol. 


carbohydrate from which it is formed aud may be a straight- or branched-chain 
acid. The mechanism of transformation has not been elueidated. Thus lactic aeid 
is the saccharinic weid from glyceraldehyde; CH,OHCHOHCHO — CH;CHOH- 
COOH. This may occur in both hydrogenation processes but occurs to a greater 
extent in the electrolytic process. (7) Autoxidation and reduction. This is the dis- 
mutation of two moles of aldohexose to hexitol’and aldchexonic acid in- the presence 
af alkali: 2 CeHpOs + H.O — CsHy(OH), + Cs;He(OH),COOH. This can occur in 
either of the two hydrogenation processes. (8) Formation of branched-chain desoxy- 
polyols. This reaction is characteristic of the electrolytic reduction, The mecha- 
nisu of the reaction is not known but may be similar in nature to the formation of 
branched-chain saccharinic acids. The structures of these desoxypolyols have not 
been determined. 

Electrolytic Process (see Wig. 1). Commercial electrolysis is carried out by 
circulating a solution of sugar, sodium sulfate, and sodium hydroxide past a series of 
amalgamated slieet-lead cathodes, hung vertically in an open, rectangular tank þe- 
tween sheet-lead anodes surrounded. by alundum diaphragms. From this cell, the 
catholyte passes to a heat exchanger, in whieh 3t 15 cooled, and then into a cell re- 
ceiver, whence it is returned to the cells. The anolyte is dilute sulfuric acid. 
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The cells are of rubber-lined steel 6 ft. wide, 2 ft. deep, and about 13 ft. long, 
containing 35 anodes and 36 cathodes (18). The diaphragms are narrow, rectangular 
boxes, 2 ft. x 2ft. X 3in. outside. The heat exchangers or coolers are of glass pipe 
with rubber return bends, surrounded by iron pipe for the cooling water. The cell 
receivers, all piping, and the circulating pumps are of rubber-lined steel to resist the 
slightly corrosive alkaline cell liquor and thus prevent contamination. 

The eathode ratio can be varied, by varying the size of the charge, from 1.0 to 
2.0 sq.dm. per liter of catholyte. Current densities of from 0.5 to 2 amp. per sq.dm., 
alkalinities of from 0 to 20 grams of sodium hydroxide per liter of catholyte, and 
temperatures of 15-35°C. have been employed. The cathodes, whose condition has 
a marked effect on the character of the product and the current efficiency, are 
maintained in a state of constant overall activity by periodic re-amalgamation, 
The sugar, sodium sulfate, and sodium hydroxide must be of high purity, mag- 
vesium and chromium being particularly deleterious for current efficiency. In the 
development of the process, considerable difficulty was experienced in securing dia- 
phragms meeting the rather severe dimensional tolerances and having the proper 
combination of reasonable conductivity with minimal permeability. 

The character of the product, the yield, particularly of mannitol, and the color, 
composition, and viscosity of the commercial sorbitol sirup are quite sensitive to 
changes in the operating variables. The uniform production ol satisfactory material 
demands close control of operating conditions and considerable art in manipulating 
the operating variables during the run. Product yields of 90-95% of theory with 
averall current efficiencies of 50% are obtained in reductions carried essentially to 
completion. The reduction can be carried to substantial completion, which requires 
from one to two weeks, or the reduction may be discontinued at a suitable point and 
the residual sugar fermented out. 

The finished cell liquor is neutralized with sulfuric acid and concentrated under 
reduced pressure in glass-lined evaporators. The sodium sulfate is precipitated by 
addition of strong ethyl! alcohol or methanol, and the hot alcoholic solution is dropped 
through a salt box (a large vessel in which the hot alcoholic solution is filtered from 
the aleohol-precipitated salt under slight positive pressure), If technical sorbitol is 
being made, the alcohol is then distilled off, water is added, and the resulting aqueous 
solution of sorbitol is treated with decolorizing carbon (at 50% solids concentration), 
then filtered, concentrated under vacuum, and finally adjusted to 80% polyhydric 
alcohol solids before ruuning to storage. When mannitol is present, it is recovered 
by seeding with mannitol the cooled, desalted, alcoholic solution of the reduction 
product and crystallizing the mannital at 15-20°C., cither in a batch or continuous 
erystallizer. The filtrate is then worked up in the same manner as technical sorbitol 
to give the commercial sorbitol sirup, which is marketed at a total polyhydrie alcohol 
content of 8395. The mannitol is recrystallized from water, and the mother liquors 
worked back to recover residual sorbitol. Alcoholic solutions are filtered in 
aluminum plate-and-frame presses. The recrystallized mannitol is separated in a 
centrifuge, dried in an oven, and packed. Reagent and commercial grades of 
mannitol are produced. 

In the manufacture of dulcitol from hydrolyzed lactose, the reduction is carried 
out under substantially the same conditions of low alkalinity as are used for tech- 
nical sorbitol. The recovery of dulcitol from the reduced cell liquor, however, 
resembles that of mannitol, except that one crop of dulcitol may be recovered 
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directly from the neutralized catholyte before salt removal, owing to the much 
lower solubility of the duleitol compared to mannitol. 

High-Pressure Hydrogenation Process. Very little information has been 
published on the commercial-scale pressure hydrogenation of sugars. It is be- 
lieved that batch processes are generally employed for the production of sorbitol and 
mannitol. In the related German “glyccrogen’’ process for the manufacture of a 
partially hydrogenolyzed product, however, a continuous plant employing a series 
of vertical-tube reactors agitated by circulated hydrogen is described. 

In one commercial-scale batch process, a supported nickel catalyst of the 
Adkins type is used. The catalyst is made by precipitating a soluble nickel salt 
onto a Filter Cel support, washing on a filter press, drying on trays in an oven, 
grinding, and passing through a continuous rotary reduction furnace, which dis- 
charges the reduced catalyst directly into a 40% solution of glueose for storage. 
The resulting suspension of catalyst in glucose is then charged into a reactor and 
agitated by means of hydrogen circulated by a high-pressure compressor, at approxi- 
mately 100-150 atmospheres. The final temperature is 145-155°, and reduction is 
carried to 99.9%. The reduced solution is discharged hot through a choke coil to a 
receiver and the catalyst is filtered off, washed, and sent to recovery. The filtrate is 
passed through a cation exchanger on sodium cycle to remove iron and nickel, 
treated with decolorizing carbon, and evaporated to the shipping concentration of 
70% solids. The nickel in the spent catalyst is dissolved from the support by acids, 
then reprecipitated on the carrier and returned for reactivation. The sorbitol 
obtained has a purity of 95-97% and contains in addition to mannitol about 1% 
of gluconic acid as the sodium salt. The organic salts can be removed by a double 
ion-exchange treatment. 


Analytical Methods for Hexitols 


Specific reagents for the separation of individual hexitols are not generally 
available. For the semimicro detection and estimation of sorbitol in wine, Litter- 
scheid's metliod of forming the tris(o-ehlorobenzylidene) derivative, m.p. 217°C., is 
used without serious interference from glycerol or mannitol (12). The pyridine- 
sorbitol molecular compound is useful in isolating and identifying sorbitol from 
natural sources or industrial products (17). The only other polyol known to form a 
sparingly soluble compound with pyridine is 2-desoxymannitol. Sorbitol also 
forms a sparingly soluble molecular compound with phenylhydrazine, m.p. 86°C, 
Mannitol and dulcitol may be separated from more soluble polyols, on a macro 
scale, by crystallization from strong ethyl alcohol and identified by their melting 
points after recrystallizing from water. For the microchemical detection of manni- 
‘tol, a sensitive but nonspecific boric acid method is available (1). For the deter- 
mination of hexitols in body fluids, the periodate methods have been worked out 
(16). Chromatographic adsorption on activated clay can likewise be used for the 
micro separation and identification of mannitol and sorbitol (21). 


Uses of Hexitols 


Direct Use. The hexitols, as such, find their most widespread use as humec- 
tants. Mannitol, because of its limited solubility in water, is quite restricted in use 
as a humectant. Data for mannitol and sorbitol indicate a comparable hygroscopicity 
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if the mannitol can be prevented from crystallizing, as in the case of ccrtain gelatin 
films. Owing to its low solubility in water and its crystalline nature, mannitol in 
erystalline form exhibits considerable resistance to the occlusion and absorption of 
water. As such, it has found use in chewing gum manufacture as a dust for the sticks 
to prevent undue absorption of water. Other uses for mannitol ave tn soldering 
fluxes because of its ability to form complexes with metallic oxides, in white shoe 
polishes, and in pharmaceuticals as a tablet Aller and as a mild laxative. 

Sorbitol, even in crystalline form, absorbs water much more readily and finds 
use as a humectant, softener, plasticizer, ete., m many fields. In most of these, 
applications glue or gelatin is involved. Printers’ rollers and duplicator or lieeto- 
graph masses represent the higher softencr-to-glue ratio type of products. In these 
it is generally advisable to employ a blend of sorbitol with a lower-viscosity polyol. 
However, the high viscosity imparted to the mass by sorbitol is often desirable, in 
that it increases the mechanical strength and temperature resistance of the products 
(Ba). The narrower humectant range of sorbitol decreases the variation of the prod- 
ucts with changes in humidity. Other types of glue products in which sorbitol is 
used as 2 softencr are flexible glues, including book binding and magazine adhesives, 
paper tape adhesives, textile sizes, oil-resistant coatings, anc ground cork binders, 
Sorbitol is widely used m cosmetics. In this application the polyol serves both as a 
humectant, in which the action is to retard the loss of water from oil-in-water type 
creams and as an emollient. Sorbitol is used in tobacco as a humectant. In this 
application it is interesting to note that the pyrolysis products of sorbitol contain no 
acrolein, whereas glycerol forms acrolein. Other uses of sorbitol, in which the action 
is generally that of a humectaut, include tooth paste, chewing guin, candy, etc. See 
Confectionery; Cosmetics; Tobacco. 

Indirect Use. Of the derivatives of sorbitol and mannitol, the partial esters of 
the higher fatty acids have been most widely developed and have found general use 
as surface-active agents (q.v.), including emulsifiers, wetting agents, and detergents. 
These derivatives, in general, are nontoxic, und as such they are of particular value 
to the food and cosmetic industries. Sorbitol derivatives are used to solve emulsifi- 
cation problems in producing food and flavoring materials, including cakes, candy, 
chewing gum, ice cream, licorice, peanut butter, beveruges, cocoa powder, olo. 
Cosmetic emulsions having unusual propertics cau be made by using these deriva- 
tives because they are noiilonic surface-active agents and as such are less seusitive to 
salts, acidic materials, etc. Cosmetic creams of both oil-in-water snd water-in-oil 
type are prepared with these derivatives. These produets are used as emulsifiers in 
many other fields, also, including insecticides, industrial emulsions, textile emul- 
sions, dry-cleaning products, pharmaceuticals, vitamin-oil and vitamin-concentrate 
dispersions. The high spreading coefficients exhibited by aqueous dispersions of 
several of these surfacc-active ngents make them of value ns spreading agents for 
insecticides. In addition, certain of these derivatives exhibit insecticidal properties. 
The high surface activity of these esters makes them of value in household and 
industrial detergent mixtures. Antifoaming action is exhibited by some of the 
products though their uses are quite specific. This application is of interest to the 
food industry, again because the derivatives are generally nontoxic. 

A group of the derivatives, those involving modification by the addition of 
polyoxyalkylene chains, exhibit a solubilizing action for flavoring and essential oils. 
These oils, normally insoluble in water, are dissolved in the derivative, and the oil- 
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derivative mixture is in turn dispersible in water containing no alcohol to form a 
mixture that is clear to the eye. Other uses of the surface-active derivatives include 
additives for gum and dextrin adhesives, soldering-flux ingredients, yenst manufac- 
ture, degreasing preparations, and leather treating. 

Sorbitol and mannitol find a wide variety of uses in the protective coating industry 
in such products as synthetic drying oils and oil extenders, oil-modified alkyd-type 
resins, hard gums, plasticizers, and emulsifiers for water-thinned paints. Improved 
properties are imparted to such products by the use of sorbitol or mannitol in their 
manufacture; synthetic drying oils made from sorbitol and drying-oil acids are supe- 
rior to corresponding natural oils in drying rate, toughness, durability, and adhesion 
characteristics, Practically all present-day synthetic vitamin C manufacture starts 
with sorbitol. Sorbitan and sorbide esters have found some success as plasticizers for 
vinyl resins and similar polymers. Sco Ascorbic acid; Detergency; Surface active 
materials. 
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R. M. Gomrr, JR., M. T. SANDERS, AND SOL BOLTZBERG 


ALCOHOLYSIS 


Alcoholysis designates reactions in which an aleohol reacts metathetically with a com- 
pound; in the broadest sense the term also includes the addition of an aleohol to a 
compound with the breaking of one bond of a double bond. Aleoholysis thus represents 
a type of solvolytie reaction, and may be compared with other solvolytie reactions: 

RCOOR' ἠ- HOH. hydrolysis RCOOM + ROH, 

RCOOR! + NH, αιπυοπο]γν ΤΟΝ» 4- R/OH 

RCOOR! + ROH kobolysis RCOOR" + R'OH 
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Among the compounds that van react in this fashion are inorganic salts, allcyl halides, 
alkylene oxides, acetals (q.v.), acid anhydrides, acyl halides, esters, nitriles, and ami- 
dines. ‘he alcoholysis of inorganic salts and alkyl halides is of little importance, but 
the other reactions are valuable laboratory and industrial synthetie procedures. 
Acids and bases catalyze these reactions, which proceed most readily with the lower 
(C-C) alcohols. The following equations illustrate some of the more important 


applications: 
CH,—CH, + ROH MM HOCHCHLOR 
NZ 


0 hydroxy ether or 
alkylene oxide glycol ether (see Glycols) 
CH,--C=O CHCOOH 
ο + ROW -——— . 
bu, So bu.coon 
acid anhydride acid esler 
CH,OOCR i FLOEL 
ὄποοση + 8R/OIT —— > OIIOM + 38 RCOOR’ 
| 
CH,00CR bei XEF 
ester new ester 
N=C—CILCOOH + 2 CHOH ———> CIL(COOC II)»: + NU 
nitrile maloni« ester 
ROCSNH.HCDNH, + 3 R/OH ———> RC(OR), + NIC] + NH, 
amidine salt ortho ester 


The conversion of one ester to another, called transesterification, reésterification, 
or exchange esterification, is illustrated by the conversion of naturally occurring glyc- 
erides (fats and oils) by treatment with lower alcohols to simpler esters and glycerol 
(see Listers, organic; Fats). The preparation of malouic ester from cyanoacetic acid is 
an important example of the aleoholysis of à nitrile (see Barbiturie acid; Malonzc acid). 


E. I. BgokER AND E. F. LANDAU 


ALDEHYDE-AMMONIA, CH;CH(OH)NH»s. Sce Acetaldchyde. 


ALDEHYDES 


Aldehydes are organic compounds containing a carbonyl group attached to a terminal 
ο 


NE 


which R is any hydrocarbon radical, or hydrogen in formaldehyde only. Ketones 
(q.v.), ReCO, also are characterized by the presence of a carbonyl group, but attached 
to a nonterminal carbon atom. (See also Carbonyl compounds.) 


carbon atom and may therefore be represented by the general formula RC; — , in 


Nomenclature 


As in the case of acids (see Acids, carborylic), there are three principal methods of 
naming aldehydes: (1) by common names, formed from the common names of the 
acids they produce on oxidation, by replacing “ie (or -oic) acid" by *-aldehyde''; (2) 
by the LU.C. or Geneva system, characterized by ‘-al” added to the name of the par- 
ent hydrocarbons (in most cases after dropping of the final “e”); and (3) by the 
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‘Ccarboxaldchyde system,’”’ in which “-carboxaldehyde” (or ‘-carbonal’ in some 
languages) is used similarly to ‘“-carboxylie acid” in the case of acids, for example, 
cyclopentanecarboxaldehyde. Tor designating the positions of substituents, either 
Greck letters or numerals may be used; 


CH:ÇH, CH,CHO Butyraldehyde 
CH,CHSCH,CHO Butanal 

10IICHO 
HC CI Cyclopropanecarboxaldehyde 


Tor other examples, see Tables I-III. For a more detailed discussion of the naming of 
aldehydes, see Nomenclature. 


Physical and Chemical Properties 


Constants. Formaldehyde, the only gaseous aldehyde, acetaldehyde, and pro- 
pionaldehyde are miscible with water. The water solubility drops rapidly with in- 
creasing molecular weight, so that the higher aldehydes from Ce on are practically 
water-insoluble liquids or solids. The aldehydes are soluble in aleohols, ethers, and the 
other usual organie solvents. Their boiling points are much higher than those of the 
hydrocarbons with the same carbon skeleton, but they boil below the corresponding 
alcohols. In the aliphatic series, the viscosity of the aldehydes increases with increas- 
ing molecular weight; acetaldehyde is a mobile liquid, while enanthaldehyde (CyHis- 
CHO) is oily. High-molecular aliphatic aldehydes (Cy up) are solids. The presence 
of unsaturation or branching in the carbon skeleton tends to lower the melting point 
of the solid aldehydes. Highly substituted aldehydes (see Sugars) and some substi- 
tuted aromatic aldehydes (such as the nitrobenzaldehydes) are solids. Al of the un- 
substituted aliphatic aldel:ydes have densities less than unity, while most of the aro- 
matic aldehydes are slightly heavier than water. The odors of the aldehydes vary con- 
siderably; in the aliphatic series the lower aldehydes (C, to Cy} have pungent, pene- 
trating, unpleasant odors, which become more pleasant as the molecular weight in- 
creases. The aldehydes Cato Cu have pleasant odors and are used in perfumes. Above 
Cu, the aldehydes are almost odorless. The aromatic aldehydes often have pleasing 
odors, A number of aldehydes are important in the perfume and food-flavoring indus- 
tries (see Flavors, food; Perfumes), 

Reactions. The chemistry of the aldehydes is essentially that of the terminal 
carbonyl group. They are among the most reactive of organic compounds, being 
easily reduced and oxidized and taking part in a number of addition reactions. In 
general, they are more reactive than the ketones, which have no hydrogen attached to 
the carbon of the carbonyl group. 

Aldehydes may be smoothly reduced by means of hydrogen in the presence of a 
catalyst, such as finely divided platinum or Raney nickel, or by other means, to pri- 
mary alcohols (see Alcohols). 

RCHO +- H, ———+ RCH,OH 


Unsaturated aldehydes may be reduced to unsaturated primary alcohols by means of 
aluminum isopropoxide (isopropylate) (Meerwein-Ponndorf-Vorley reaction, see 
Aluminum compounds). This reaction is used to prepare crotyl aleohol from 
crotonaldehyde. 
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TABLE I. Aliphatic Aldehydes. 














Common name Synonyms Formula 
4. Salurated 
Formaldehyde |Methanal; oxomethane| CHO —02 
Acetaldehyde |Ethanu; acetic nlde-|CH;CHO —123.5 
hyde; aldehyde 
Propionalde- |Propanal CIICHaCITO --80 
hyde 
Butyralde- Butanal; butyrie alde-| CH;CTCHsCHO —N7 
hyde hyde 
lsobutyralde- 2-Methylpropanal (CH CICHO —65.9 
hyde 
Valeraldohydo |Pentanul; valeric alde-CET(CITJa3C HO -01.5 
hyde 
Tsovaleralde- |3-Methylbutanal (CH) CHCELCHO —fl 
hyde 
Caproalde- Hexanu caproic alde-j|CHa3( CÍI), CHO 
hyde hyde 
Enanthalde- ]|Heptanal; —enanthal; CH3(CID CHO —48 
hyde n-heptaldchyde 
Caprylalde- — |Octanal; caprylic alde-|CH,(CM2)«CHO 
hyde hyde 
Pelargonalde- |Nonanal; — pelargonie| CH; (CII;CHO 
hyde aldehyde 
Capraldehyde |Decanal; caprie alde-|CH;(CH34CTIO 
hyde 
Lauraldehvde |Dodeeanal ΟΠ (ΟΠ) CHO 41.5 
Stearaldehyde |Octadecanal CEHaCCH3) CHO 
B. Unsaturated 
Acrolein Propenal; — acrylaide-|[CHz: CHCHO ~87.7 
hyde 
Crotonalde- —|2-Butenal;  8-methyl-|CH4CH:CTH CHO —69 
hyde acrolein 
Citronellal Citronellaldehydo; 3,7-| CEb: C(CH;) (CHI);- 
dimethyl-7-oetenal CH(CH,) CHLCHO 
(one form) 
Citral Geranial; 3,7-dimeth-(CIT;4 C: CH(CTHg)s- 
y1-2,6-octadienal C(CH,): CUCHO 
(one form) 
Propiolalde- |Propynal; propargyl- |CIT; CCHO 
hyde aldehyde 
C. Diallehydes 
Glyoxal Ethanedial; oxalalde-CHO.CHO 15 
hyde 
Suecinalde- — |Butanedial ΟΠΟ(ΟΠΦ:ΟΠΟ 
hyde 
Malealdchyde |Butenedial CHOCH:CHCHO 
D. Substiluled 
Chioral Triehloroethnnal; ri-ICCLCIIO 57.5 
chloreacetaldehyde 
Aldol 3-Hydroxybutanal; 8-|CH;CH(OW)CH,- 


hydroxybutyralde- 





hyde 


CHO 
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TABLE I. Aliphatic Aldehydes (Concluded) 
Common nane Synonyrua Formula Alp. °C. | Bap, OC) a? T 
E. Polymers 
sym-Trioxane |Trimeric formalde- O.CIL.O.CHs.0.C Hy 62 115 
hyde; a-trioxy- |e a a | 
methylene 
Paraldehyde  |2,4,6-Trimethyl-sym-  /O.CEL(CH,).0,CH- 124 12.6 10004 1.4108 
irioxane; para- — — — 
acclaldehyde (CH).O.CH(CEL) 
ed 
Metaldehyde |Mctacetaldchyde (GILO) 248 (10ο) 1.27 
TABLE IL Aromatic Aldehydes. 
Common mune B Synonyms | Formala mE Μπ. «Ὁ, ] EUR | d? " : 
A, Aldehyde group allached ta ring 
Benzaldeliyde | Bengencearboxalde- CyHs CHO —26 179.5 |1.050-5 1E, 5:160 
. hyde 
p-Tolualdehyde — |4-Methylbengzeuecar-  (CH,CsHyCHo 204 1.016 1.5454 
boxaldehyde; g2meth- 
ylbenzaldehwde 
gq-Isopropylbenz- [Cunnldehiyde; euniinal; (CHL):CHO;ELCHO 235 0.978 1.5301 
aldehyde p-cuminic aldehyde 
o-Chlorobenz- 2-Chlorobenzenecar- CIC;ELCIO 11 2085s |1.252 
aldehyde boxaldehytle 
o-Nitrobenzalde- 12-Nitrobenzeneearbox- |NOSCSIECHO 40 (a) 1186). 
hyde aldehyde 37.9 (8) 
m-Niirobenzalde- |3-Nitrobenzencearbox- [NOW «ECHO 58 164125 
hyde aldehyde 
p-Nitrobenzalde- 4«Nitrobenzeneeurbox- | NOsCG4FCHO 106.5 Subl. 
hyde aldehyde 
SalieyJaldehyde — jo-Hydroxyhenzalde- ITOC;H,CHO 1.6 106.5 |1.1669 11.574 
hyde; salieylie alde- 
hyde 
Anisaldelyyide p-Methoxybenzalde- CLOG ECHO 2.5 347 1.123 1.5731 
hyde; anisic aldchyde; 
aubepine 
Vanillin 4-Uydroxy-8-methoxy- |CIO(HO}CGCHO | 81-83 |285 1.056 
benzaldehyde; vanill- 
aldehyde 
Veralraldehyde  18,4-Dimethoxybenzal- (GLO): C; EI;CITO 283 
dehyde; 3,4-dimeth- 
oxybenzeuecarbonal 
Piperonal 8,1-Methylenedioxy- — |OCELOCSHCHO 37 263 
benzaldehyde; helo- '------- 
tropin 
B, Aldehyde group not attached to ring 
Phenylacetalde- [a-Tolualdehydo OSEE CTISCTHO 194 — 1.0252 211.5819 
hyde 
Cinnamaldehyde |8-Phenylpropenal; — 8-|C4ECH : CHCHO —7.5 251 1.0407 1.6195 
phenylacrolein; cin- (dec.) 
namie aldehyde 
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TABLE III. Heterocyclic Aldehydes. 


Common name Synonyms Formula Ma n" E ” am "a 


2-Furancarboxaldehyde; 2-furnlde-|C4ESO.CHO |—36.5/ 161.7 |. 1598/1. 5261 
hyde; fural 
Tetrahydrofurfural |Tetrahydrofuran-2-aldehyde 


Furfural 


148  |1.108 [1.4866 


Ο ΠΙΟ ΟΠΟ 


πιο . ve 
3 CH;CH—CHOHO  ———— — —9 CH,CH=CHCH,OHM + 3 CH,COCH, -- AMOM)s 
AILOCH (CHa)z]3 
The oxidation of aldehydes is an important chemical reaction and is a commercial 
method for the production of several organic acids (see Acetic acid; Acids, carboxylic, 
Butyric acid) : 


2RCHO 4- 0 — 2 2 RCOOH 


The carbon skeleton is not altered in the oxidation. The reaction may be carried out in 
the vapor phase catalytically with atmospheric oxygen or by means of an oxidizing 
agent, such as chromic acid, in the liquid phase. If it is desired to oxidize the carbonyl 
group of an unsaturated aldehyde, or one that may be easily oxidized because of the 
presence of other groups that are also oxidizable (see Sugars), weak oxidizing agentes 
such as Tollens or Fehling solution are used. These reagents, essentially ammoniacal 
silver oxide and alkaline euprie oxide, respectively, are also used for the quantitative 
determination of some aldehydes such a8 carbohydrates (q.2.) (see also Sugar analysis}. 

When an aldehyde haviug no e-hydrogen atom, such aa forialdehydo, benzaldo- 
hyde, or trimethylacetaldehyde, is treated with a strong alkali, a disproportionation 
(intermolecular oxidation-reduction), called the Cannizzaro reaction, takes place: 

2 CsHsCHO -+ NaOH ———> C,HsCH20H + ΟΙΠΙΟΟΟΝΑ 


If an aluminum alkoxide is used under certain conditions, instead of the alkali, the 
reaction stops at easter formation: 


2 RCHO ———9 RCOOCH;R 


The carbonyl group of aldehydes reacts smoothly with Grignard reagents to give 
secondary alcohols (see Alcohols; Grignard reaction); formaldehyde gives primary 
alcohols. 


RCHO -- R/MgX ~———> RR'CHOMgX 
RR'/CHOMgX -- H40 —— —» RR/CHOHU + Mg(OH)X 


The addition or eondensation reactions of aldehydes are quite numerous, but 
probably all have a common mechanism: a compound H—A adds to the carbonyl 
group in such a way that the H becomes attached to oxygen and the rest of the mole- 
cule to the carbon atom to give a compound RCH(OH)A. This may be stable, or may 
react with a second molecule of H—A, or undergo internal dehydration, depending 
upon the nature of A. The addenda may be divided into groups depending upon the 
type of bond created in the addition: the C—C bond (aldehydes, ketones, nitroparal- 
fins, esters, hydrocyanie acid, ete.); the C—-N bond (ammonia and its derivatives); 
the C—-$ bond (sodium bisulfite); the C—O bond (alcohols and acids). 

The lower aldehydes are readily converted, for example by acid catalysts, to 
open-chain or cyclic polymers like paraformaldehyde and paraldehyde (see Acetalde- 
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hyde; Formaldehyde). Since the reaction is reversille, the polymers have often been 
used as sources of the monomeric aldehydes. 

In the addition of aldehydes (aldol condensation), one aldehyde may, under the 
influence of alkali or acid, add another molecule of aldehyde to form a hydroxy alde- 
hyde, called an aldol (¢.v.). The aldel may lose water to form an unsaturated aldehyde: 


CH;CH2CHO + CHiClLCHO —-—~+ CH,CHeCH (OH) CH(CH;) CHO 
CHBCTILCH (OH) CH (CH) CHO 





> CH CH,CH=—C(CH;)CHO -- Πιο 


Continued refluxing with alkali causes condensation of successive molecules of alde- 
hyde with the larger molecules until high-molecular brown resins are formed. Dif- 
ferent aldehydes may also condense with each other, for example: 
γη, ͵ Ca (OHJ a 
4 HCHO -+ CH;CHO + H,O ———> C(CH,OH), + HCOOH 
pentaerythritol 


Addition of ketones with at least one active hydrogen atom (on the a-carbon 
atom): 


CH,CTIO + CH,COCH, ———-> CH,CH(OH)CH,COCH, 


Addition of nitroparaffins with a hydrogen atom ou the carbon atom to which the 
nitro group is attached. Aromatic and aliphatic aldehydes react readily. In the 
aromatic series the intermediates readily give unsaturated compounds, while in the 
aliphatic series the intermediate nitro alcohols are stable and important materials (see 
Benzaldehyde; Nitro alcohols). 


CollL,CHO + HCH2NO, —-—> QoHyCH==CHNO, 4- HO 
c-nitrostyreno 
CH,CHO 4- HCH4NO; — ——. CICELOED CH;NO; 
| 1-nitro-2-propanol 


Condensation of compounds containiug active methylene groups, such as ethyl 
malonate. Aldeliydes condense readily to give unsaturated products (see Malonic 
acid), 


CH,CHO + CH,(COOC:H.), —-—> CH,CH=C(COOCHs)e 


Condensation of organic acids containing an a-hydrogen atom with aromatic 
aldehydes. This is an important reaction for the production of cinnamic acid (q.v.) 
and substituted cinnamic acids (Perkin reaction). The aldehyde is heated with 
the acid anhydride in the presence of a salt of the organic acid to about 150-180°C, 


CgH CHO + (CE3CO),0 > C,H, CH==CHCOOH + CH;COOH 
Condensation with a benzene derivative containing an active hydrogen atom. 
The reaction is catalyzed by concentrated sulfuric acid. Recently, this reaction has 
become industrially important because 2,2-di(p-chlorophenyl)-1,1,1-trichloroethane 
(p,p’-DDT) is made by condensing chloral (q.v.) with chlorobenzene (see Insecticides). 


CCLCHO + 2 C,H,Cl ———» CC],CH(CsHiCl): + HO 


Also to be mentioned here is the important condensation of phenol with formaldehyde 
to yield phenolic resins (q.2.). 
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Addition of hydrogen cyanide. The produets are cyanolydrins (qg.9.), which are 
important intermediates in organie syntheses. The eyanohydrins ean be hydrolyzed 
to give o-hydroxy carboxylic acids, whieh may be important as such or may be de- 
hydrated to a,A-unsaturated acids (sec zLerylie acid; Benzaldehyde; Lactic acit). 

H:O ry esr EEO, lp , 
CHCHO + IGN ——> CEHSCHGOEI) CN ——— OCHO COOH —-— CITESCECOQOR 
In common practice, sodium bisulfite is first added to the aldehyde and the addition 
product is treated with an alkali cyanide. 

Addition of alcohols to form hemiacetals and acctals (g.v.). 

RCUO -+ R’OIW ——- RCHU(OIDOR' 
RCU(0H)OR' 4- R'OH - ROH(OR?s + HO 





Addition of sodium bisulfite is employed to purity and to separate aldehydes from 
other organie compounds. The addition product is insoluble in organic solvents and 
thus may be washed free from organie impurities. [tis then decomposed by treatment 
with dilute acid or sodium carbonate solution and the aldehyde separated. 

Addition of ammonia and its derivatives forms aldehyde-ammoenias: 


RONO -+ NH; ———» RCH(OH)NII 
These usually react further in a complex series of dehydrations aud additions, 
Formaldehyde reacts in an exceptional manner to give an industrially aud phar- 
macologically important cyclic compound, hexamethylenctetrantine (q.».) : 


6 TICHO + 4 NII —> (CHa) Na + G IQ 





Semicarbazide, primary amines, hydroxylamine, hydrazine, phenylhydrazine 
and its derivatives, such as 2,4-dinitrophenylhydragine, condense with aldehydes to 
form compounds containing à earbon-nitrogen double bond. 


RCHO + H.N.NH.CO.NIT, ——> RUH=N.NELCONHsg 





semicarbazide semicarbazone 
RCHO -F R/NID ——9 RCIL—N.R' 4- HO 
primary amine Schiff hase 
ΤΟΠΟ + NITLOH ———+ RCIE-=NOU + ILO 
hydroxylamine uldoxime 
RCHO 4- H4N.NH; — —9 ROH-ANILNIs -- 1540 
hydrazine hydrazone 
RCHO -+ H2N.NH. CoH, » RCTEN.NILCQUT; 4- H0 
: phenylhydrazine phenylhydrazone 
RCHO -+ 2,4-(NO2)2.CoHy. NH.NH, ——— RCH==N.NILCyHy-2,4(NOg)2 -- HQ 
2,4-dinitropheny hydrazine 2,4-dinitrophenylhydrazone 


These compounds are useful in identifying aldehydes, and in addition, the aldoximes 
and the Schiff bases are valuable synthetic intermediates. 

Characterization. Aldehydes are usually identified by preparation of the oxime, 
2,4-dinitrophenylhydrazone, p-bromo- or p-nitrophenylhydrazone, semiearbnzoue, 
dimethone, or similar derivative, and determination of its melting point. Also, the 
aldehyde may be oxidized to the corresponding actd, which may in turn be identified 
by the preparation and melting point determination of the p-bromophenacyl or other 
solid phenacyl ester, the anilide, p-toluide, or other substituted amide. The best 
derivative to be used depends upon the specific aldehyde whose identity is suspected. 
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Natural Sources and Synthetic Methods of Preparation 


Acetaldehyde occurs in apples and is a by-product of alcoholic fermentation, but 
none of the lower aliphatic aldchydes occurs in significant amonnts in natural prod- 
ucts. A few higher aliphatic aldehydes and many aromatic ones are found in the essen- 
tial oils (volatile oils) or fruit of plants. A few examples are: citral, in oil of lemon 
grass; benzaldehyde, in oil of bitter almonds; einnamaldehyde, in oil of cinnamon; 
and vallin, in the vanilla bean. For the occurrence of the aldehydes of the sugar 
series (aldoses) see Sugars. 

Aldehydes may he prepared by a wide variety of general methods, a few of which 
will be deseribed here. In addition to these a number of special reactions have been 
developed for specific aldehydes (see Benzaldehyde; Formaldehyde; Phenolic alde- 
hydes; ete.). 

(1) Oxidation of Primary Alcohols, The fact that aldchydes are more volatile 
than the corresponding alcohols and acids is exploited in order to remove the alde- 
hydes from the site of the reaction to minimize further oxidation to the acid. This 
ig an important industrial and laboratory synthesis. (Chromic acid is one of tho 
oxidizing agents used in the laboratory; manganese dioxide is employed on a larger 
scale.) 

RCHLOH 4-0, ——-— RCHO + Πιο 


(2) Catalytic Dehydrogenation of Primary Alcohals. This is perhaps the most im- 
portant industrial method for the preparation of aldehydes. The vapors of the alcohol 
are passed over a catalyst at 200-800°C. (see Acetaldehyde; Formaldchyde). 


Ga 


RCH.OH 





> ROHO -p e 


(8) Oxidation of Glycols. The carbon chain ean be brokeu by periodie acid or 
lead tetraacetate with the formation of two moles of aldehyde. 


2 RCH(OB)CH(OH)R" 4- ο, 





>2RCHO + 2R/CHO + 2 HO 


(4) Oxidation of Olefins. The carbon chain is ruptured at the double hond hy 
means of ozone, with the formation of aldehydes. The ozonide formed first is decom- 
posed under conditions that destroy the hydrogen peroxide formed during the decom- 
position. This method is of more theoretical than practieal interest, since the ozonides 
are often unstable explosive compounds. 


RCH=sCHR’ + O; ———> RCH (0) CHR’ 
RCH(OJ)J CHR’ + LO ——- RCHO + R'CHO + TLO: . 
(8) Oxidation of a Methyl Grown Attached toa Benzene Ring. In the presence of 
acetic acid and acetic anhydride a benzal diacetate is formed and then hydrolyzed by 


dilute acid to the aldehyde. Chromic acid is the usual oxidizing agent. This reaction 
is of value in preparing certain substituted benzaldchydes, as p-nitrobenzaldehyde. 


p-NOCSELCES -- O4 4-2 (CHG0C0),0 ————9 p-NO,Co4HGCH(COOCCHG) -F 2 CH;COOH 
p-NOGUILCII(OOCCH;s 4- H0 —— »-NO,CsECHO + 2 CHCOOH 
(6) Introduction of Two Chlorine (or Bromine) Atoms into a Methyl Group At- 


lached lo a Benzene Ring, Followed by Hydrolysis. This is a valuable industrial and 
laboratory method for making benzaldehyde (g.v.) and substituted benzaldehydes, 
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The chlorination is carried out in strong light and at elevated temperatures (135- 
175°C.) to minimize nuclear substitution. 

CyECH, + 2 Cl, ——~> ChH,CHChL 4- 2 HCI 

C.ALCHCh + MO » C;EICITO -F 2 HCI 





Substitution of the third hydrogen atom of the methyl group takes place to an appreci- 
able extent and hydrolysis of the trisubstituted methyl group gives un acid, Those 
acids are generally useful by-prochicts. 

(7) Pyrolysis of Metallie Salts, often Calcium Salts, of Carboxylic Acids. This use- 
ful method for preparing ketones has also been adapted and used commercially for the 
preparation of aldehydes by pyrolyzing a mixture of the salt of an appropriate acid 
with the salt of formic acid. Salts of rare earths have been used to advantage. 

(RCOO).Ca -+- (FICOQO)4Ca ———3 2 RCHO + 2 CaO; 


(8) Reduction of Acid Chlorides (Rosenmund Reaction). Though not a commercially 
important method, this is useful fer the preparation of unsaturated aldehydes in the 
laboratory. Since the reaction is carried owt in the presence of hydrogen, it is necessary 
to control the conditions so that the aldehyde formed is not further reduced to the 
alcohol. This is accomplished by the use of a “poisoned” catalyst, whose activity has 
been reduced. 

lun _ poisoned Pd μμ 
RCOCI + 11; ———— RCGEO -F- TICI 
catalyst 

(8) Heaction of One Mole of a Grignard Reagent with Orthoformic Ester. The inter- 
mediate acetal is readily hydrolyzed in dilute acid to give the free aldehyde. 

H 





E 
HC(OCI): -- RMgX » ROIT(OCSH)s -- Mg(OU)X + CatOH. 


190 
RCH(OG;B;), - IO — —2 RCHO 4- 2 Ο ΠΟΠ 


E. F. Laupnav, E. T, Bzoxgn, anb O. C. DERMER 


ALDOL, CH;CH(OH)CH.CHO. See Acetaldehyde. 


ALDOLS 


Aldols are 6-hydroxy aldehydes and are formed by the addition of one carbonyl com- 
pound to the carbonyl group of a second compound. The reaction, called the aldol 
condensation, is illustrated by the condensation of acctaldehyde (q.0.) to aldol (β- 
hydroxybutyraldehyde, acetaldol) : 
CH;CHO + CH;CHO — —— CICIT(OE)CHSCHO 
aldol 

The reaction is catalyzed by both acids and bases; however, the latter are far more 
effective and are the ones generally employed in industry. 

Aldehydes that undergo the aldol condensation necessarily possess at least one a- 
hydrogen atom. This active hydrogen atom may also be furnished by a ketone, such 
as acetone, which has available a-hydrogen atoms. The product formed by the con- 
densation of two ketone molecules is called a ketol. 

When more than one a-hydrogen atom is present in the aldehyde, acid-catalyzed 
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dehydration of the aldol may be readily induced to produce «,@-unsaturated aldehydes, 
and thence by catalytic hydrogenation, primary alcohols; for example, erotonalde- 
hyde and 1-butanol from aldol: 


aH 


CTI;,CH(0OH)CH:CILO —-—> CH,CH==CHCHO ———> CH:CH,CTLCH.OH 
erotonaldehyde 1-butanol 


1,3-Glycols are smoothly obtained by hydrogenation of the aldols. These methods are 
used industrially for the production of 1,3-butylene glycol, 2-ethyl-2-hexenal, 1- 
butanol, ete. 

A number of other reactions believed to proceed by the addition of one compound 
io the carbonyl group of another with the formation of aldol-like intermediates are 
often classified as aldol condensations. Several such reactions are: (1) the conden- 
sation of an aromatic aldehyde with acetic anhydride (see Acetic anhydride), (2) the 
condensation of an aromatic aldehyde with a ketone (see Benzaldehyde), (3) the con- 
densation of an aldehyde with malonic ester, acetoacetic ester, or ethyleyano acetate, 
and (4) the condensation of an aldehyde or a ketone with a nitroparaffin (see Nitro- 
paraffins). 


E. I. BECKER 


ALDONIC ACIDS. See Carbohydrates; Sugar derivatives. 
ALDOSES. See Carbohydrates; Sugars. 

ALDOXIMES. See Aldehydes; Oximes. 

ALE. Sec Beer. 

ALGAECIDES; ALGICIDES. See Water, municipal. 


ALGIN 


Alpin is a seaweed colloid (phycocolloid) extracted by alkalies from brown algae 
(Phaeophyta), especially members of the kelp order (Laminariales) (sec Seaweed 
colloids). It probably occurs as a mixture of alginic acid and certain salts. Algin 
is sold generally as a white powder, and sometimes in the form of a paste. The latter 
is a crudely prepared algin product which contains cellulose and other impurities from 
the kelp. Purified algin may be marketed as pure sodium alginate or as a mixture of 
sodium alginate and other substances. American algin is known under several trade 
names, the best known of which is Dariloid, which is a mixture of sodium alginate and 
other substances, such as dextrin, sucrose, and a phosphate. English algin is marketed 
under the trade name of Manucol, a few grades of which are differentiated. Various 
brands of algin on the market differ from each other in their viscosity and in the foreign 
substances they contain. Besides sodium alginate, another soluble alginate, ammo- 
nium alginate, and an insoluble one, calcium alginate, are also available on the market. 
In 1888, the English chemist, E. C. C. Stanford, reported that by digesting 
Laminaria fronds with sodium carbonate, a glutinous mass was obtained, which, 
when evaporated to dryness, presented “an appearance which is not unlike gum 
. tragacanth.” To this new substance, its discoverer gave the name “algin,” derived 
from the word alga. This term was originally proposed to designate the substance 
in situ in the plant. Since it is not definitely known what this particular substance 
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actually is in the natural condition, the term has come to be loosely used. As 
employed by its discoverer and later authors, it has beon applied additionally to: 
(1) alginic acid, (2) sodium alginate, (8) soluble algimates, and (4) the alginie com- 
pounds in general, Since the principal alginic componnd now peing inanufaetured 
and put on the market is sodium alginate rather than the unstable alginie acid, the 
term algin has frequently been used interchangeably with sodium alginate. 

Stanford believed his alginie acid to be a nitrogenous compound, and even pru- 
posed the following formula for it: CrHmOm(NHy)e Krefting (1896) by im- 
proved methods showed that the alkali extract of seaweed, prestimably kelp, was 
nonnitrogenous and called it “tang acid” to differentiate it from the impure alginic 
acid of Stanford. Later authors, however, prefer to retain the terms “algin” and 
‘alginic acid’? as proposed by Stanford, in spite of the fact that his product was 
contaminated. 


Chemical Nature 


Alginie acid is à. polyuronie acid composed entirely of manniuronic anhydride 
residues, in which the hydroxyl groups are altached to carbon atoms 2 and 8, while 
bridge and ring are attached to carbon atoms 4and 5. Although evidence is uot yet 
sufficient to decide between pyranose and furanose struetires, the former is believed 
to be more probable, in view of the large negative rotation of algmie acid and iis 
resistance towards hydrolysis. Thus, the manuuronic acid units ave linked in such a 
way that the carboxyl group on each unit is free to react while the aldehyde group is 
shielded by linkage, The following formula represents the arrangement of the 
mannuronie residues in alginie acid according to Hirst, Jones, and Jones (1939): 


COOH COOH 





COOH 


Alginic acid 


Like agar, algin is believed to occur iu nature as a ecl! wall constituent, and 
probably exists as a mixture of the acid itself and its caletum, magnesium, and alkali 
metal salts in various proportions which show interspecific and scasonal differences. 


Properties and Reactions 


Alginic acid is insoluble in cold, and only slightly soluble iu boiling water. 
When moist, it is capable of absorbing several times its weight of water. When 
dried, it becomes very hard, horny, and resistant to solvents. It is insoluble in 
alcohol, ether, and glycerol. It does not reduce Fehling solution, but rapidly , 
forms reducing substances if dried at 100°C. or if boiled with dilute acid. Its optical 
activity is high, with rotation values varying from —~132.6° to —169.2°, according 
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to different workers. It has weak acid properties, but is sufficiently acidic to liberate 
carbon dioxide from carbonate solutions. It has a theoretical neutralization 
equivalent of 176. 

Alkali metal salts of nlgiiie acid, as wellas the ainmonium, maguesium, and lower- 
amine salts, are water-soluble. Other alginates are insoluble in water. The soluble 
alzinates are strongly hydrophilic colloids, yielding highly viscous solutions at low 
concentrations. A 1% sodium alginate solution, for instance, may have a viscosity of 
about 1000 centipoises at 17°C, The viscosity of algin solutions, however, varies 
considerably with the manufacturing methods. 

The pH of sodium alginate resulting from the stoichiometrical combination of 
alginic acid and sodiuin hydroxide is approximately 7.7. In industry, it is practical 
to employ algin with a pH range of about 4 to 10. Below pH 4 the alginic acid 
tends to precipitate, while above 10 the algin loses viscosity rapidly and tends to be- 
come unstable. Increases in temperature reduce the viscosity of algin solutions but 
do not cause any significant depolymerization below 50°C. 


Sources and Production 


The United States and England are the principal algin-producing countries, 
although Norway, France, Russia, and Japan have produced some. On the Pacific 
coast of North America, Macrocystis pyrifera, the well-known giant kelp of Cali- 
fornia, is the sole raw material employed in the industry, although there are several 
other large kelps whieh also bave high algin contents. Macrocystis grows on sub- 
marine rocks twenty-five to ninety feet deep and sends up its leafy fronds, which 
float on the surface. Where environmental conditions are favorable, as in southern 
California, it forms extensive beds from afew huudred yards to two or three miles 
wide and several miles long. Consequently, itis possible to harvest the kelp by means 
of a specially adapted motor-run barge, which cuts the seaweed with a horizontal eut- 
ting blade at a depth of about four feet, and an endless chain elevator, which hoists 
the kelp on board. A modern kelp harvester can cut as much as three hundred tons 
per day, The enormous kelp resources of California and the mechanization of the har- 
vesting process make possible the present successful algin industry on the west coast. 

On both sides of the Atlantic, algin is extracted from species of Laminaria, 
especially ZL. digitata (horsetail kelp) and J. saccharina (broadleaf kelp). These 
grow abundantly on submarine rocks ten to fifty or nore leet deep. In North 
America, commercial quantities of these kelps are located in Maine and Nova 
Scotia. They are mostly harvested with a grapple hauled at a depth of twelve to 
fifteen fect from a power boat, and to a lesser extent by hand dragging or sickling 
from a dory. In the British Isles, these kelps are known as deep-sea tangles and are 
frequently washed up on the shore iu large quantities, where they are collected. In 
Normandy, the kelps are cut by means of sickle-shaped knives fastened on long poles 
and operated from small boats. Norway is another important kelp-producing 
country. Before World War J, the United States imported large quantities of 
kelps from Europe for the manufacture of algin. 

There are no published statistical data on the production of algm. The United 
States probably produces annually more than two million pounds, the majority of 
which comes from the west coast. The annual algin output in England and other 
countries is not known. | 
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Manufacture 
PRINCIPLE OF MANUFACTURE 


Commercial preparation of algin is based on the principle that the natural 
“algin” in the kelp, probably a combination of calcium alginate and alginic acid, is 
insoluble in water, but is easily converted by soda solution into the water-soluble 
sodium salt. Kelp is therefore digested with sodium carbonate or hydroxide solu- 
tion, the resulting viscous liquor separated from the residue, and alginic acid subse- 
quently precipitated by the addition of a strong mineral acid. To facilitate puri- 
fication and bleaching of the product, some manufacturers adopt an intermediate 
procedure involving precipitation of calcium alginate prior to the acid precipitation. 
Since alginic acid is rather unstable, sodium alginate is generally the product manu- 
faetured. By simply dissolving the acid in sodium carbonate solution, sodium 
alginate is obtained. Other salts, such as ammonium alginate and caletum alginate, 
are also prepared commercially. 


EARLY PROCESSES 


In Stanford's original “wet” process, algin was prepared as a by-product in the 
manufacture of iodine and potash to enable the Scottish iodine factories to utilize 
kelp'as their raw material in competition with the South American iodine industry. 
After a cold-water treatinent, the Laminaria is digested for 24 hours with one-tenth 
its weight of sodium carbonate. The resulting viscous mass is filtered through 
coarse linen filter bags. Sulfuric or hydrochloric acid is added and alginic acid 
precipitates in light-gray, gelatinous flocks. The acidis washed, pressed, and dried, 
and constitutes the primary product of Stanford's process. The product may be 
sold in this condition, or as a sodium, potassium, or ammonium salt made by dis- 
solving the acid in the respective carbonate solution. 

During World War I, algin was made by Hercules Powder Company as a by- 
product of the fermentation process in the manufacture of potash and calcium 
acetate and its solvent derivatives. The giant kelp of California, Macrocystis pyrif- 
era, served as the raw material. It was fermented in large tanks. After fermenta- 
tion the resulting liquor was separated from the residue and potash, calcium acetate, 
and other organic salts were mace from it. The unfermented kelp residue, screened 
from the fermentation vats, was used for the preparation of algin by a process similar 
to that of Stanford. 


GREEN’S “COLD” PROCESS 


Stanford’s original process for algin manufacture has undergone a series of im- 
provements by several investigators in various countries. In the United States 
there are at present two basie patented processes. One of these may be represented 
by Green's "cold" process of the Pacific coast and the other hy the Le Gloahec- 
Herter process of the Atlantic coast. Green’s “cold” process (8) (sec Fig. 1) is 
characterized by being largely conducted at the relatively low temperature of 50°F. 

1. Leaching. Freshly harvested kelp is introduced into a leaching tank with cold 
water previously acidulated to 0.83% hydrochloric acid. The leaching is continued 
until the salt content of the kelp is reduced from its original 35-40% to 5-15%. This 
requires from a few hours to a day. The leach water is drained off and discarded. 


Acidulated cold water 
(0.3395 HCl) 


Waste water (with water and 
acid-soluble salts and organic matter) 


` Sodium carbonate soln. (40-50 lb. 
soda ash per ton fresh kelp) 


Fresh water 
(100 gal. per ton kelp) 


Permutited water 
(six parts to one) 


Filter-aid 
—— ——— Sludge -« 
CaClz soin. (100 Ib. in 800 ib. 


water per 8 tons liquor) 


Waste water (with soluble 
salts and organic matter) 


Bleaching powder soln. 
(1% NaOCl sotn.) 


E Waste water 


5% HCI (42 parts to 
1 part Ca alginate) 


€ Excess acid and 
CaCl; soln. 

Acidulated water 

Permutited water 


Waste water 
(acid and CaClz soln.) 


Permutited water ————————3À5- 


E — - Waste water 


Fig. 1. 


FRESH KELP 


Fresh kelp 


Chopper; 
hammer 
mill 


Milled kelp 


Digested 
kelp pulp 
Hammer 
mill 


Crude Na 
alginate soln. 


Unfiltered Na 
alginate soln. 


Filter 
press 


Filtered Na 
alginate soln. 


Ca alginate ppt. 


Bleached 
Ca alginate 


Screen 


Alginic acid ppt. 


j 


Screen 


Alginic acid 


Press or 
filter 


ALGINIC ACID 


ALGIN 247 


Leaching tank 
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Green’s cold process of algin manufacture — plant flow sheet diagram (5), 
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2. Digestion. Leached kelp is chopped into convenient sizes, and fed to a 
hammer mill shredder equipped with a '/s-inch mesh sercen. It is then placed in a 
soda digestion tank. Sodium carbonate is added in the ratio of 40 to 50 Ib. to each 
ton of freshly harvested kelp. With pH maintained ut 10, the digestion is usually 
completed in 30 minutes. The mixture may be left for as long as 24 hours without. 
any adverse effect on the product, The resulting pulp is passed through another 
hammer mill equipped with a 30-mesh sereen, and 6 volumes of water, softened by 
the Permutit process, are added. The pH is about 9.6 to 11. The dilution is 
merely to facilitate filtralion. 

8. Clarification. Crude sodium alginate (containing cellulose wnd other in- 
purities), either dried or as a paste, is satisfactory for certain purposes, lor instance, in 
boiler-water treatment. Most industries, however, require a highly purified product 
free from contaminants. To purify the product, the erude Liquor is pumped into a 
elurification tank, and to it is added fitter-nid, such as diatomaceous earth. The mix- 
ture is then pumped through a mechanical filter press. At this stage, the temperature 
may be temporarily raised to about 120°F, to facilitate the filtration. Other methods 
of clarification may be used, such as centrifuging, vacuum filtration, sand bed filtration, 
or mere gravitational settling of the cellulose material. 

4. Calcium Alginate Precipitation and Bleaching. The filtered liquor is slowly 
added to à. £097, ealeium chloride solution wider constant agitation, Calcium eliloride 
is used in the proportion of about 100 1b, of the salt to 8 tons of the algin liquor, Cal- 
cium alginate is precipitated, aud when agitation is stopped, gradually vises to the top. 
The remaining liquor contating water-soluble salts and organic matter is drained off. 
More water is added to the calcium alginate in the same tank into which is introduced 
a suitable bleaching agent, such as sodium hypochlorite. The amount of hypochlorite 
to be added depends on the color of the crude product. The “cold” process produces 
a whiter crude produet than the other processes and generally about 1% hypochlorite 
is sufficient. Excessive bleaching will have an adverse effect on the quality of the 
final product. 

δ. Acid Precipitation. Separated from the surplus water, the bleached eal- 
cium alginate precipitate is introduced into a 5% hydrochloric acid solution in the 
ratio of 1 te 42, Fibrous alginie acid is formed and is passed through a sereen to 
remove the remaining hydrochloric acid and the calcium chloride resulting from the 
chemical reaction. The drained alginic avid precipitate is introduced iuto a second 
tank of acidulated water, agitated, and pumped over another sereen. This treat- 
ment is repeated until the precipitate is washed free of calcium salts. Enough water 
is used in the washing to raise the pH of the acid above 1.9 and simultancously to 
reduce the ealeium content of the product. 

Purified alginic acid is concentrated by means of a press or filter and tempo- 
yarily stored in a refrigerated room, or converted into the sodium or other salts by 
treating with the corresponding carbonate, oxide, or hydroxide. The alginate thus 
formed is dried hy one of. the standard methods, ground, screeued, and packaged or 
mixed with other ingredients to form one of the several commercial products. 


LE GLOAHEC-HERTER PROCESS 


This process (9) (sce Wig. 2) takes advantage of the following facts: (1) Dilute 
solutions of alkaline earth salts such as calcium chloride will dissolve and conse- 
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quently remove laminarin and mannitol from the kelp without any harmful effect 
on the algin. The kelp may subsequently be demineralized. by washing in soft water. 
(2) Clarification of the liquor may be effected by charging the solution with gaseous 
bubbles, which, when ascending to the surface, carry with them the cellulose together 
with adherent impurities. Thus, filtration with the help of a filter-uid and through 
a filter press is not necessary. (3) Decolorization of the product may be effected by 
a, pigment-adsorbing jelly or a protein coagulant. The usual step of calcium alginate 
precipitation, which primarily serves to facilitate bleaching and purification, may 
thus be omitted. 

1. Lixiviation. Kelp used in this process may be freshly harvested or air- 
dried. ‘Lo 1 volume of the dried kelp, 3 volumes of 0.8-1.0% calcium chloride solu- 
tion are added. Lixiviation may be carried out hot or cold, preferably the latter. 
This removes the majority of the laminarin and mannitol in the kelp, which is subse- 
quently washed with soft water to remove the ealeium chloride as well as the re- 
maining laminarin, mannitol, and various salts. Washing is stopped when the wash 
water contains only about 0.5% solids. The washed kelp may be further subjected 
to an additional treatment with 5% hydrochloric acid to dissolve any residual alka- 
line earth salt. It is washed again with soft water. 

9. Digestion. Two volumes of 4% sodium carbonate solution are added to 
each volume of the weli-lixiviated kelp. This may be performed in any suitable 
vessel. Mixing is facilitated by beaters such as those commonly used in pulp mak- 
ing. Maceration is continued until the cellulose is reduced to fine particles and a 
homogeneous paste obtained. Digestion requires about 2 hours at 104°F. and about 
3 hours at room temperature. 

8. Clarification. To 3 volumes of the kelp paste 7 volumes of water are 
added. The mixture is beaten to a homogeneous suspension and sir introduced 
through fine apertures to stir up the entire mass vigorously. Oxygen in the air is 
said to aid in making a product of high viscosity. If oxygenating agents such as 
ozone or hydrogen peroxide are employed, agitation is effected mechanically. The 
oxygenated liquor is then passed continuously at high speed through a centrifuge, 
which charges it with air bubbles. The resulting emulsion is conveyed to a clarifica- 
tion tank. Upon standing for 6 to 10 hours, the cellulose particles agglomerate to 
form a rather compact cake floating on the liquor. The clarified liquor ean now be 
removed without difficulty. ᾿ 


4. Decolorization. The clarified liquor, still colored by seaweed pigments, must 
be decolorized to yield a superior product. An adsorbent jelly made of hydrated 
alumina, gelatinous silica, and aluminum alginate is preferred, although others of 
similar nature may be used, The jelly is added to the colored liquor in about 20-25% 
of the weight of the dry alginous material. After some stirring, the pigments adhere 
to the jelly, which is then removed by centrifuging. Reclamation of the jelly is 
effected by washing with alcohol or other organic solvents, which may be recovered by 
standard methods. 

δ. Acid Precipitation. To the clarified and decolorized liquor a strong mineral 
acid such as hydrochloric acid is added, and the pH maintained at 2,8 to 3.2, The 
acid and the alginous liquor are introduced separately into à mixing baflle, slightly 
inclined inside a tank. Alginic acid precipitates and flows at once to the adjoining 
tank. ‘This minimizes contact of the precipitate with the mineral acid, which other- 
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wise tends to have an adverse effect on the final produet. Carbon dioxide evolved 
from the reaction between sodium carbonate and hydrochloric acid helps to keep 
the precipitate afloat, thus facilitating its overflow into the next tank. 

6. Purification, Alginic acid, thus precipitated, is placed in baskets and 
allowed to drain. Freed from the remaining liquor by pressing or centrifuging, the 
precipitate is comminuted and further purified by washing with solvents such as 
ethyl alcohol in a vessel provided with a filter plate. Alternate methods of purifica- 
tion include ordinary dialysis and electrodialysis. 

7. Dehydration. The purified alginic acid still contains some adherent aleohol 
and is dried in a specially constructed oven at 150-170°F. A method of purifying and 
drying the alginic acid in special rotating drums has been suggested. In both cases, 
the alcohol may be employed once more or reclaimed. Finally, the. alginic acid is 
converted into its sodium or other salts by the regular methods. 

8. Later Improvements, An improvement of the process (10) cousists in de- 
colorizing the alginous material by a preliminary treatment with formaldehyde, 
tannic acid, or other protein coagulants. The protein in the kelp, when coagulated 
by such chemicals, adheres to the cellulose, and to this coagulated protein-cellulose 
complex, chlorophyll and other plant pigments will eventually be affixed. These 
pigments may later be recovered if so desired. 

Kelp is demineralized as usual and soaked for an hour in 2.5 tons of a formalde- 
hyde solution containing 22 Ib. of the chemical. Thus treated, the kelp is taken out 
and stored for 15 to 21 days, during which period there is a substantial fixation of the 
colored matter on the protein-cellulose mixture. When sodium carbonate solution 
is later added to the treated kelp, it dissolves only the alginous matter, leaving the 
cellulose—protein—pigments complex intact. The resulting sodium alginate solution 
can thus be easily separated from the impurities. The process from this point is the 
same as already described above, except the decolorization by alumina-silica- 
alginate jelly is no longer necessary. 

9. Recovery of Laminarin and Iodine. The leach water from the Le Gloahec- 
Herter process contains a considerable amount of laminarin and iodine. Methods 
are patented (11,12) for the recovery of these substances. 


Uses 


Like agar and other seaweed colloids, algin is a valuable substance wherever a 
hydrophilic colloid possessing marked gelling, suspending, emulsifying, thickening, 
and water-holding properties is required. Unlike agar, it is chemically active, re- 
acting with various metallic salts and acids. Consequently, in certain respects its 
uses are limited, while in others it serves especially well because of its reactivity. 
For example, many of the present industrial uses of algin are based on the fact that 
the addition of a calcium salt to an algin solution produces an immediate precipitate 
of gelatinous calcium alginate. Thus, by the controlled release of calcium ions, 
through the use of a relatively insoluble calcium salt, such as calcium citrate, the 
solutions nay either be thickened or converted into rigid gels in accordance with the 
amount of the calcium salt added. The rate of the setting of the gel may also be 
controlled by the introduction of salts, such as a soluble phosphate, which form 
calcium salts more insoluble in water than calcium alginate. 

In the preparation of algin solutions for use in food and other industries, water 
warmed to about 140°F, and high-speed stirring are required in order to effect 
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quick solution, Algin solutions are readily decomposed by bacterial action if 
allowed to stand for prolonged periods. Hence, preservatives are often needed for 
algin preparations. 

The most important use of algin is undoubtedly in stabilizing ice creams (sce 
Ice cream). In making ice creams, a colloid is needed to impart smooth hody aud 
texture to the frozen product and to prevent coarsening due to the formation of 
large ice crystals during storage. It should not in amy way innsk the fluvor of the 
product. Alpin is found to be ideally suitable for these purposes, aid is used as au 
ice cream stabilizer probably more than any others, including the ouce-standard 
substance, gelatin. It has been estimated that in the United States, the largest ice- 
eream-eonsuming eountry in the world, more than 50% of the factory-made icc 
cream is stabilized with algin. This kelp colloid is also extensively used in stabilizing 
ices. In chocolate milk it serves ag a suspending agent for the cacao particles aud in 
milk puddings as a gelling agent. Its numerous uses in food industries include the 
preparation of jellies, jams, ivings, meringues, fillings, cheese, whipping creams, milk 
powders, oleomargarines, candies, fruit juice powder, sausage cnsings, anel enkes, 

Algin serves as a base for various pharmaceutical preparations and as a eon- 
stituent in pills and tablets (see Phurmacculicals). A hemostatic agent has been 
derived from it for use in gauzelike form absorbable by tissue fluids, — Algin has also 
been used as a component of sulfanilamide and similar ointments. ln the cosmetic 
industry, it is an excellent vehicle for hand lotions of the saponified type, aud isa 
valuable base for various cosmetic jellies, creams, cud tooth pastes (see Cosmetics). 
To some extent, it has replaced tragaeanth and other natural gums in the preparation 
of greaseless lubricating jellies. 

One of the important industrial uses of the alginic compounds is as a latex 
creaming agent in the manufacture of natural rubber (see Rubber compounding and 
manufacture). Ammonium alginate is un excellent substance for this purpose, and 
may possibly be the best, It is said to be used similarly in processing synthetic 
rubber. Both ammonium aud sodium alginates are widely used as suspending and 
emulsifying agents in the manufacture of casein emulsion paints, Sodium alginate 
is useful in the treatment of boiler water for preventing inerustulion. Lt reacts 
with the caleium salts present in the water and forms globular floceulent precipt- 
tates. These envelop other sediment to give a soft, pasty sludge in the boiler and 
can be easily blown out at regular intervals, 

In dentistry algin serves as a dental impression material (see Dental supplies), 
Although algin-based preparations do not produce as accurate molds as do the agar- 
basecl ones, they are somewhat more convenient to employ and are therefore ex- 
tensively used by dentists for general work. Algiu is also used to cover and protect 
dentures made of acrylic resin, In relative ease of uniform application, it has an 
advantage over tin foil, the material traditionally used for this purpose. 

Algin is a useful sizing material and is superior to starch in that it fills the cloth 
more completely, is tougher, and is move elastic (sce Textile finishing). s soon as 
algin has inpregnated the cloth, it can readily be made insoluble by treatment with 
dilute acids, lime water, or metallic salts, and thus a waterproof cloth is obtained. 
Ammoniated aluminum alginate can also be used in the preparation of waterproof 
fabrics singo it becomes insoluble after drying, Algin is extensively used as a 
thickener in printing pastes. Triethanolamine alginate is employed as a coating 
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material for solid surfaces, In recent years, great development has been made on 
the use of algin in the manufacture of textile fibers. Specially treated algin fibers 
have already found application because they are alkali-resistant and fireproof. 
Chromium alginate fibers have been used in making camouflage nettings. 

Incorporated in insecticide sprays, alein activates the effective chemical and so 
greatly reduces the amount required, — In certain fire-retarding compounds, aqueous 
sodium or ammonium alginate solution is used to suspend the finely ground fire- 
retarding chemicals, sach as monoammonium phosphate. Algin is also employed 
in the purification of beet Juices in sugar manufacture, in oil well drilling muds to 
seal off porous formations, as a medium for separating plates in the manufacture of 
storage batteries, as a binder for printer’s ink, as a binder to make a scaweed char- 
coal product for heat insulation of boilers, in the dressing of mildew-resistant canvas 
and burlap, as a binder in cartridge primers, in finishing leathers, and in the prepara- 
tion of a eolor-absorbing material. 
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ALICYCLIC COMPOUNDS 


Organic compounds with a cyclic skeleton of carbon atoms, but not having the charac- 
teristic diminished unsaturation of aromatic compounds (q.0.), are designated alicyclic 
compounds, Although the alieyelie compounds have a ring structure, in their physical 
and ehemieal properties they resemble the aliphatic compounds, whence the name 
alicyelic (aliphatic + cyclic) and also cycloaliphatic. They may be classified hy the 
number of rings present (monocyelic or mononuclear, and polycyclic or polynuclear), 
Dy the number of earbon atoms in the rings, by the degree of saturation, and by the 
functional group or groups present. Saturated monocyclie hydrocarbons have the 
general formula C,H», aud are called cycloaikanes, cycloparaffins, polymethylenes, or 
often nuphtheacs (see Hydrocarbons). Unsaturated mononuclear alicyclic hydro- 
carbons have general formulas like C,,He,—2, C,Ho,-4, and Cp Hons; and are called 
eyeloolefuns. (Completely saturated 6-membered rings have been variously rep- 
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TABLE 1. Physical Properties of Some ' Alicyelie Compounds, 
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TABLE I. Physical Properties of Some Alieyclic Compounds (Conciuded). 


























Name Pormula Mop., Ον |Bap., °C. a? Use 
Menthol CoH yO “(Ὁ 318 — Medicine 
Terpineol Πο] 32-38 221 (0.934  |Perfume 
Cyclohexanone i i —16 156 0.947 Solvent 
iN 
πιο (He 
πιό CH» 
“ 
ο 
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Fenchone Cw 6 (et) 193 10.094718 [Solvent 
Camphor CwHwO 176-179 (d) |204-205/0.963  |Plasticizer, drug 
Abietic acid Ομ Τον 175 (0 200.9. 11.1325 Soap, resin 


resented, by a simple hexagon—which has more often becn used for a benzene ring— 
or by a hexagon with H’s shown around the outside or with H, 6H, or 8 in the center 
to denote complete hydrogenation or saturation. The clearest form is with all 
carbon and hydrogen. atoms indicated, as in the equation below.) 

H: 

C 

^ Ἂς 

\ Ni πῶ UHL 


pz Hy N Ες 


ο 
Ha 
cyclohexane 
(hexahydrobenzene) 


Systematic nomenclature of alicyclic compounds follows that used for acyche com- 
pounds, with the addition of the prefix cyclo-. Thus, cyclopentane, CsFpo, is saturated, 
and cyclopentadiene, C;Hs, contains two double bonds. Alternatively, some hydro- 
aromatic compounds may be named as polyhydro derivatives of the parent aromatic 
compounds, for example, tetrahydronaphthalene (a mixed alieyelie-aromatie hydro- 
carbon) and decahydronaphthalene. 

Of the technically important alicyclic compounds, many are obtained by extrac- 
tion from petroleum (cyclohexane, naphthenic acids (g.v.)) and from plants, especially 
their essential oils (pinene, menthol (see Terpencs), camphor (q.v.), and rosin (q.v.)). 
Synthesis may involve either ring closure of some type: 


BrCHGGCELCH;Br -- Zn — ——* HaC-———CIIs 4- ZnBrs 
C 
Ha 
or the saturation of an aromatic compound, as in manufacturing cyclohexanol (see 
Cycloherane) and hexachlorocyclohexane (benzene hexachloride). 
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ALIPHATIC COMPOUNDS 


Aliphatic compounds are organic compounds having an open-chain (noneyelte or 
acyclic) carbon skeleton. The term “aliphatic? is derived. from. aleiphatos, the 
Greek word for fat, which is the source of many of the aliphatic compounds, Ali- 
phatie compounds include paraffin hydrocarbons, olefms (etliylenie hydrocarbons), 
and acetylenic hydrocarbons, and their derivatives of all types. — (See Acids, carbos- 
ylie; Aleohols; Aldehydes; Amines; Esters, organic; Fatty acids; Hydrocarbons; 
Ketones; eic.) 


ALIZARIN 


Alizawin (1,2-diliydroxyanthraquinone) (formula D), formula weight 240.20, is à mor- 
dant dye (CI. 1027) appearing as a yellow powder or orange-red rhombic crystals, 
fi OH 


| on. SA on 
(ῃ ) 


SIN EUN A 
| 
0 
It gives the fimiliar "urkey red on eloth treated with aluminum hydroxide aud Tur- 
key-red oil, forms pigments and Jakes with inetallie hydroxides, and is useful fio a 
slight extent in the manufacture of other dyos (see AntAragucnone dyes). 

Alizarin oecurs as a glycoside (ruberythrie acid) in madder (ubia tinctorum), 
which was used as a dye by the early Indians, Persians, and Heyptians, and was intro- 
duced into Fingland and Trance before the eighteenth century. Alzarin was isolated 
from madder root in 1826 by Colin and Robiqnet. The synthetic production of alizarin 
by Graebe and Liebermann in 1869 was one of the outstanding achievements in the 
field of organic chemistry, since this was the first synthetic preparatiou of a naturally 
occurring dyestuff. While Perkin, in England, manufactured but. one ton of alizarin 
paste in 1869, in the next year he manufactured 40 tons. The natural dyestuff was 
soon replaced completely by the synthetic, While alizarin is still manufactured to 
some extent in the United States for mordant red dyes as well as for pigment colors, 
its use has been largely superseded by newer dyes such as the more easily applicable 
red azo dyes and the fast Naphthol AS typo dyes, 


Physical and Chemical Properties 


Alizarin, m.p. 290°C., bp. 480°, soluhility iu water 300 p.p.m. (by weight) at 
100°, is very soluble in alcohol and ether, aud soluble in methanol, benzene, acetic 
acid, carbon disulfide, and alkalies (purplish-red color). 

Alizarin forms variously colored metal salts easily, and it is this property that 
led to its widespread use as a mardant dye (see Dye application; “Takes” under Pig- 
ments). Tt is readily acylated, etherified, halogenated, and nitrated. Ou sulfonation at 
225°C., alizarin is converted into 4-alizarinsulfonie acid, whieh by fusion with sodium 
hydroxide gives purpurin (1,2,4-triydroxyanthraquinone); with oleum alizarin forms 
S-alizarinsulfonie acid. Under more drastic couditions, alizarindisulfonice acids are 
obtained. On alkaline fusion, beuzoie aeid and its 3,4-dihydroxy derivative (proto- 
catechuic acid) result. Alizariu is easily oxidized to phthalic acid; with manganese 
dioxide and sulfuric acid it gives purpuriu. On reduction. alizarin forms anthracene, 
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2-hydroxyanthraquinone, 1,2-dihydroxyanthrone, und leucoalizarin. (1,2,9,10-anthra- 
tetro), depending upon the conditions and reagents used. 


Manufacture 


Gracbe and Licbermann’s original synthesis of alizarin consisted of brominating 
anthraquinone and converting the dibromo derivative thus formed iuto alizarin by 
treatment with concentrated potassium hydroxide and then with hydrochloric acid. 
Subsequently, in collaboration with Caro, and almost simultaneously with Perkin and 
also Rieser, Graebe and Licbermaun found that alizarin could be produced more 
cheaply by a second method, by sulfouation of anthraquinone and fusion with alkali. 
The obstacle in this synthesis was the stability of the authraquinone toward sulfuric 
acid, but by heating to à high temperature (above 200°C.), a mixture of sulfonic acids 
was obtained, which gave alizarin on alkaline fusion. Perkin proved that the essential 
intermediate product is the 2-monosulfonic acid; alizarin results from the fusion and 
oxidation with air or, better, oxidizing agents such as alkali ehlorate or alkali nitrate. 
Perkin developed a third method of producing alizarin, by sulfonation and caustic 
fusion of meso-dichloroanthracene, and it was by this process that the British made it 
for some timo. 

The usual commereial produetiou today, in which alizarin is produced from sodium 
2-anthraguinonesulfonate (called “silver salt” because of its silvery, leafy appear- 
ance), is an adaptation of the second method. Anthraquinone is sulfonated by using . 
about 35% oleum at about 120°C. A mixture of recovered anthraquinone, 2-anthra- 
quinonesulfonie aeid, and a small amount of 2,6- and 2,7-disulfouie acids is pro- 
duced, and the silver salt is salted out with common salt. It isthen fused with caustic 
soda aud sodium chlorate, using 100 grams silver salt, 260 grams caustic soda, and 28 
grams sodium chlorate made up to 670 ml. with water. The charge is maintained in 
an autoclave, with constant stirring at à temperature of about 185°C, and at a pres- 
sure of 5-6 atm. for about 48 hours, Fluorescence of a sample (after removal of the 
alizarin formed) may be used to determine the completion of the reaction. If the 
fluorescence is slight, the reaction is complete; if the fluorescence is strong, the charge 
should be heated for a longer time, On completion of the reaction, the boiling aligarin 
is precipitated with 50% sulfuric acid. It is filtered at 50°C. and washed until free 
from salt. The yield is approximately 85-90% of the theoretical. In order to obtain 
the best results in dycing, the alizarin is not dvied, but formed into a paste. On a large 
scale, much less caustic soda is necessary, and the amount may he decreased to only 
110% of the theory. 

Other methods for the production of alizarin are known. For example, alizarin 
may be produced from pyrocatecho! and phthalie anhydride by treatment with con- 
centrated sulfurie acid at a temperature of 140°C.; from t-nitroanthraquinone and 
potassium; by alkaline fusion of l- and 2-hydroxyanthraquinone; (rom anthragallol 
and sodium amalgam; from silver salt by treatment with alkali and alcohol followed 
by oxidation by air; and by treatment of anthracene with chlorine, followed by sulfuric 
acid treatment and fusion. 
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ALKALI AND CHLORINE INDUSTRIES 
Chlorine; Sodium Carbonate, 383; Sodium Hydroxide, 408. 


This article discusses the technology, with emphasis on the industrial manufac- 
turing aspects, of the following chemicals: chlorine, sodium carbonate (soda ash), 
and sodium hydroxide (caustic soda). This grouping is chosen because these are the 
most important products of a well-integrated alkali industry (11). The importance 
of these produets in our modern industrial world is illustrated by Table I, which gives 
American tonnages and growth rates of these and other chemical products. It is 
apparent that: sulfuric acid is no longer the classical barometer of business conditions. 


TABLE 1. Magnitudes of American Alkali and Related Chemical Industries and Activities. 















A1uerienan ΠΤ M — 
Products produetion, . Doubling 
1044, ehorb tona increase, interval, 
per cent yeuta 
Refined petroleum. 2.7 x i0" (. T " 
Sulfurie aeid (50*B6.) 9.0 x 105 1.9 36 
Chemical wood pulp 7.3 x 105 5.1 14 
Soda, ash 4.7 x 100 3.5 20 
Caustic soda 1.9 κ 100 5.6 12 
Chiorine (private and public) 1.7 X 106 10.6 7 
Conl tar intermediates 1.1 X 10 5.8 i2 
Potash (IO equivalent) 8.8 X 105 11.5 5 
Aluminum (private and publie) 7.8 X 105 4.8 14 
Synthetic ammonia 5.4 X 107 11.1 6 
Rayon (staple and filament) 3.0 X 10* 6.2 11 
Magnesium (private and public) 1.5 x 105 23.2 8 





A number of products closely related to the industry discussed here, such as sal-soda (NCOs 
10150), sodium bicarhonate (NaHCoO,), potassium hydroxide, enleium ehloride, sodium, magnesium, 
bleaching powder, and hydrogen chloride, are further diseussed in separate articles (see Alkali metals; 
Calcium compounds; Chlorine compounds; Hydrochloric acid; Magnesium compounds; Potassium 
compounds; Sodium compounds). Since the subject of this artiele is specific industry rather than a 
group of chemically similar substances, the chemistry of the substances is discussed further under 
Chlorine and Sodium compounds. Also, see Sodium compounds for naturally occurring soda. 


CHLORINE 


Industrial History, 359; Outline of Methods of Manufacture, 861; Diaphragm Cells, 
364; Mercury-Cathode Cells, 372; Comparison of Mercury and Diaphragm Cells, 377; 
Miscellaneous Processes for Producing Chlorine, 878; Chlorine Plant Auxiliaries, 379; 
Health and Safety Factors, 381; Uses and Future Prospects, 382. 

Chlorine is a greenish-yellow gas about 2.5 times as heavy ss gir; m.p., — 100.98? 
C.; b.p.,, —34.05?C.; erit.temp., 144?C.; density, 3.214 grams por liter at 0°C. and 
760 mm.; c, 0.1149 cal. po» gram at 15?C.; hoat of vaporization, 4878 eal. por mole at 
760 mm.; explosive limits of chlorine-hydrogen mixtures, upper limit 91.9% chlorine, 
lower limit 14.3% chlorine; vapor pressure and density, see Figure 1. Chlorine is very 
reactive chemically; all of its industrial uses depend upon this fact. (For further 
properties, gee Chlorine.) 
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INDUSTRIAL HISTORY 


Chlorine is one of the few industrial chemicals of tonnage importance (except 
for some metals) shipped as the element. From its discovery in 1774, through the 
first patent as a bleaching agent in 1799, and on through the first half of the 10th cen- 
tury, it had little industrial importance. In the last half of the 19th century, the Wel- 
don and Deacon processes for producing chlorine by purely chemical reaction were 
operated commercially. In both processes hydrogen chloride was the raw material. 
In the first, oxidation was conducted with manganese dioxide, and the second used air 
with a copper chloride catalyst. In both processes the gas obtained was dilute in 
chlorine, but was suitable for making bleaching powder, which then served as the 
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Fig. 1. Vapor pressure and density curves Fig. 2. Total U.S. production of caustic soda 
for liquid chlorine, and chlorine. 


principal method for transporting chlorine. However, not until the end of the 19th 
century, when the development of direct-current generating equipment made the 
electrolytie method of preparation commercially feasible, did the element blossom out 
in industrial importance. During the first 45 years of the 20th century, the production 
of chlorine grew by leaps and bounds, even faster than general industrial progress (see 
Tig. 2), In 1945 American elemental chlorine was being shipped almost in trainload 
lots, tank cars of 16-, 30-, and 55-ton capacity being in use, and a barge was in service 
transporting almost 400 tons per trip. Tables II and ΤΗ give statistics of the American 
chlorine industry estimated for the incomplete “reconversion” period following World 
War II. Figures 2, 3, and 4 give further information as to its size and growth rate. 

The German industry was gearing for a production comparably large for 1944, 
though relatively little was shipped since in Germany a chlorine plant was almost as 
often a part of every large chemical factory as was a power plant. In Italy the chlorine 
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in 1945. 





TABLE If. Estimated U.S. Daily Chlorine e Capacity (Short Tons) for Various Coproduc 











ΠΝ Chlorine | Chlorine to Por vont of 
Copreduct production market as ele- total chlorine 
, eupaeity ment or t compounds to annrket 
Caustic soda. 3540 205 50) 74.6 
vaustie potash 72 ü5 1.6 

Magnesium metal 750" 600 15.2 

Sodium motal 270 270 6.8 

Lithium metal i 1 20. 

Sodium nitrate (nitrosyl 70 70 (.8 

chloride process) 

Sodium carbonate 22 0 0 

T'otal 4725 3 




















* Does not include recycled chlorine in some magnesium plants, 


TABLE Ol. Estimated U.S. 3. Daily Chlorine Capacity (Short Tons) for Different Processes in 1945. 








| Chlorine γον cent of 
Process production ioíal efiloriun 
e apae ity enpacity 
Diaphragm 3400 71.9 
Mercury 235 5.0 
Teused salt 1020" 21.6 
Nitrosyl ehloride 70 1.5 
T'otal am 25 





? Does not include recycled chlorine in some magnesium plants. 
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Tig. 3. Number of operating chlorine plants in U.S, 
(Does not include small planta producing hypochlorite.) 


capacity was comparably high and, because of its luge rayon industry, the chlorine 
was produced mostly from mercury cells. Japan likewise, because of its leadership in 
rayon, used principally mercury cells. As an interesting comparison, the annual 
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chlorine capacity, calculated in tons per capita, works out as: U.S. 0.01, Germany 
0.008, Japan 0.001. 

As the rapid growth of the American chlorine industry during the decade following 
World War I began seriously to affect the market for lime-process caustic soda, the 
big alkali producers undertook the building of chlorime plants. The effeet of that con- 
struction can be seen iv Figures 3 and 4. It is also evident on Figure 5, which shows 
the list price of chlorine on the l 
American inarket for the past 
25 years or so. The sudden 
price drop, preceding the busi- 4,500 
ness depression of 1031, was 
almost a direct effect of this 
building by the big alkali 4,000 
manufacturers, Figure 5 
shows that the price of chlorine 
has been reasonably stable at 
around 2¢ a lb. since 1930, 

A number of important 
industrial chemicals are pro- 
duced s coproducts with 
chlorine. Sodium or potassium 
hydroxide and hydrogen are 
produced from the electrolysis 
of the corresponding brines, 
Metallic sodium and metallic 
magnesium are produced from 1,500 
the electrolysis of the fused 
chlorides. Sodium nitrate is 
produced as à eoproduet in the 
treatment of common salt with 
nitrie acid for obtaining cle- 500 
mental chlorme. By far the 
most important of these co- 
products is sodim hydroxide 9 


᾿ ^ 1895 1905 1915 1925 1935 1945 
or caustic soda (see “Sodium YEAR 


hydroxide,” page 408). Caus- Fig. 4. Estimated installed chlorine capacity in U.S. (26). 
tie soda is an older industrial (Tneludes all methods of production.) 

chemical than ehlorine, At 

the beginning of the 20th century only a small amount was produced as caproduct of 
chlorine, competing with caustic soda made by the lime process from sodium car- 
bonate. In America in 1940, considerably over half of the caustic soda of commerce 
was produced as a eoproduet of chlorine. At the peak of American war production, 
almost two-thirds was produced electrolytieally (see Fig. 2). 


Outline of Methods of Manufacture 


Chlorine is produced almost entirely by electrolytic methods from fused chlorides 
or aqueous solutions of alkali metal chlorides., In the electrolysis of brines, chlorine is 
produced at a graphite anode, and hydrogen, together with sodium or potassium 


5,000 








3,500 








2,500 





2,000 





CAPACITY, shart tons per day 








1,000 























362 ALKALI AND CHLORINE 


hydroxide, at the cathode. As the anode and cathode products must obviously be kept 
entirely separate, many ingenious cell designs have been developed and refined. 
Except for an carly period wheu the bell jar was used, all these designs have heen either 
variations on a type of diapliragin, or else variations on a mercury intermediate elec- 
trode. lt was carly recognized that the bell jar inherently required a high voltage and 
would not lend itself bo tolerable efficiency in high-capacity cells. 

In the diaphragm process, brine is fed continuously and flows continuously from 
the anode eonipartinent through an asbestos diaphragm backed by uni iron. eatliado. 
To minimize back-diffusion and migration, the flow rate is always such that ouly part 
of the salt is converted. The lrydrogen ions are discharged from the solution at the 
iron cathode, forming hydrogen gas aud 
leaving hydroxyl ions. The solution, 
containing caustic soda and unchanged 
sodium chloride, is evaporated to obtain 
the caustic soda; in the course of the 
evaporation the sodium chloride precipi- 
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g 80 tates, is separated, redissolved, and 
E sent back to the electrolysis. 
$ gl In ihe mereury- or intermodiate- 
5 electrode process, the cation, after dis- 
2 charge, forts an alloy or amalgam, This 
NES amalgam flows or is pumped to a sepa- 
rate chamber in which it is allowed to 
20 react chemically, most usually with 


water, to form hydrogen and a compara- 

tively strong eaustie soda solution gon- 
taining no sodium chloride. 

Historically, these two processes 

Vig. 5. Chlorine prices in U.S. (26). were both developed during tle sume 

deeades, though not exaetly in. parallel. 

Iu America, the mercury process was an early lader, but in 1945 it represented only 

about 7% of the installed capacity with diaphragm cells predominating in all new in- 

stullations, whereas t Germany the hoped-for 1044 capacity would have heen 72% 

mereury process, with almost complete predomination of that process in new installa- 

tions (see “Comparison of mercury and diaphragm cells,” page 877). 
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EFFICIENCY OF ELECTROLYSIS 

For the theory of electrolysis, see Electrochemistry. The following discussion is 
confined to the reactions which take place in commercial chlorine cells, and to the 
presentation of nwnerical values of practical enginecring constants. Because of its 
commercial predominance, “brine” refers to sodium chloride brine, unless otherwise 
stated. 

Current Efficiency. Theoretically 96,500 ampere-seconds (coulombs) produce 
one gram-cquivalent of ay material, hence 1000 ampere-hours could produce 2,92 lb. 
of chlorine, 0.0829 Ib. of hydrogen, and 3.29 lb. of sodium hydroxide. In practice these 
quantities are never fully realized owing to four types of losses inherent in practical 
plants: (Z) current leakages through insulators; (2) secondary reactions in the solu- 
tion; (8) secondary reactions at the electrodes; (4) losses of product through the 
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entire train from electrode to shipping container. The ratio of the amount of product 
obtained to the theoretical amount is called current efficiency, and is usually expressed 
as a percentage. Since this factor is more useful in the comparison of cells than of 
whole plants, it usually refers to the cell room only, and is most commonly based on 
the production of caustic soda because of the relative ease of measurement of the 
quantity of that product. Current efficiency is determined by dividing the pounds of 
sodium hydroxide produced per thousand amperc-hours, by 0.0329. The four items of 
unproductive consumption of current are discussed briefly below: 

1. Current Leakages. Since the operating voltage per cell is low, the insulating 
problem in a cell should be relatively simple. However, in practice, cells are operated 
in banks or batteries, with applied voltages up to 1000 volts or more, and it is difficult 
to maintain the full insulating values of *nonconductors" in the presence of conducting 
salines and corrosive chemicals. The heavy currents call for numerous anodes, each of 
whose connections is subject to corrosion and fouling with conducting chemicals. 
Furthermore, the best structural materials to resist corrosion by the chemicals being 
handled in electrolytic cells, are not the best of insulators. High operating tempera- 
ture is desirable to minimize electrolyte resistance, but aggravates corrosion. The 
cells must be insulated from the ground, aud the connections between the feed and 
discharge streams must likewise be insulated. All of these problems are to varying 
degrees imperfectly solved, and consequently there is a small but significant loss of 
current. 

2. Secondary Reactions in the Solutions (27). Itis practically impossible entirely 
to prevent mixing of anolyte and catholyte, and of course diffusion will always take 
place, especially acrogs the short distances needed in electrolytic cclls to achieve 
minimum voltage. Furthermore, the clectrolyte reaching the cathode contains 
chlorine in solution. The following reactions reduce the “pay load” to a small degree: 


Cl; -- 2 NaQH ——-—>3 NaCl + NaClO + M0 
Cl; 4- HO ————95 IC + Ποιο 
3 Ch 4-6 NaOH ———— NaClO; + 5 NaCl -- 3 H4O 
Nalo 4- 2 TICIO —— > NaClo, -- 2 HCl 
8, Seeondary Reactians ut the Hlectrades (27). Other ions beside the chloride ion 
discharge at the anode; the following equations suggest some of the possibilities: 
4OH- — 4e — O: + 2 H0 
4 OH ~ de -- C ———> CO. + 2 HO 





6 CIO7 4- 8 LO — 6e ———— 2 CIOs7 + 4Cl7 + GHt + 14/2 O, 


Among these, the principal loss is due to the migration of hydroxyl ions through the 
diaphragm (27). 

4. Leakages ond Losses of Product. Due to the inherent mechanical limitations 
of structural materials suitable to the corrosiveness of damp warm chlorine gas, the 
closures and the packings in cell rooms cannot with case be made so tight as is possible 
in simpler operations. Furthermore, since chlorine is shipped ag an extremely pure 
material and the cell gas is much less pure, there is an inherent loss entailed in the 
various purging operations. Thus, the net send-out of marketable chlorine is signifi- 
cantly below the 2.92 lb. corresponding to theory. 

Energy Efficiency. ‘The theoretical decomposition potential of sodium chloride 
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solution in diaphragm eells is 2.8. volts (25) and im mereury cells 3.17 volis (18). 
However, in practice the energy efficiency of all cells is obtained by multiplying current. 
efficiency expressed as a percentage by 2.3 and dividing by the mean cell-operating 
voltage of the installation. Voltage (or power) losses in the cells and cell rooms are 
discussed below under each general cell type. 

Production per Kilowatt-Hour. From a practical operating standpoint in chlorine 
plants, the production per kilowatt-hour is by far the most revealing factor. Itis com- 
parable to the pounds of fuel consumed per kilowatt-hour of neb station send-out in 
power plants. Che reciprocal of this, kilowatt-hours per unit of product, is also often 
reported, Like all other practical overall figures, there is considerable variation in the 
basis of computing this figure from plaut to plaut, Mm American practes, 1b is common 
to give kilowatt-hours per net ton of chlorine. This is subject to interpretation de- 
pending on the form in which the chlovine is marketed, that is, as liquid chlorine, as 
bleach, and as other chlorinated products, aud on the extent of inclusion of auxiliary 
power, transformer aud rectifier losses, ete, Iu Germany it was cominon to speak of 
the kilowatt-hours per hundred kilograms of caustic soda, and this meluded reetitier 
losses bui, did not include auxiliary power within the caustic or chlorme plant. 

One of the principal objectives of cell design is to minimize current losses aad over- 
voltages. Other important objectives of cell design are: (Z) to produce a high yield 
per unit of overall plant investment; (2) fo minimize auuintenaunce and repairs; and 
(8) to minimize attendance. 

About 850 American patents have been issued on caustie cllorine ells; less than 
10% of these (when considering distinct types) have been reduced to conunercial prac 
tico; and only about hall of those have been able to survive the combination of eugi- 
neering in:pertection, insuificient capital, and unfavorable operating or business eondi- 
tions (82). Approximately 15) chlorine plants (some 60 in the U.S., sce Vig. 3) were 
conducting reasonably profitable operations before the end of World War IE. Due to 
combinations of favorable cireumstanees many of. them operated somewhat obsolete 
cells. About two-thirds of the 350 patents mentioned were on diaphragm cells and 
one-third on inereury eclls. 


Diaphragm Cells 


The large number of cells designed and the lairly large number actually operated 
can conveniently be divided into three general types: (2) those containing vertieal 
unsubmerged diaphragms; (2) those eoutatning vertical submerged diaphragins; (3) 
those containing horizontal unsubmerged diaphragms. There are of course several 
variations or borderline cases which cannot unambiguously be placed in any one of 
these three categories. There are also many forms of each of these three types, for 
example, cylindrical, rectangular, and square. Both the submerged and unsubmerged 
vertical cathode eclls arc made in geometrically similar types. In general, the vertical 
diaphragm cells consist of an outer steel tank, either cylindrical or rectangular, which 
supports a cathode of perforated iron plate or woven ivon screen a small distance inside 
of this tank; when the tank is steel, both the tank and the iron screen it supports are 
(electrically) cathodes, The vathode is generally lined with a layer of asbestos cither 
in the form of paper or of deposited fibers. Graphite anodes face the diaphragm with 
minimum distance, and an inert insulating cover containing a brine inlet aud a chlorine 
outlet closes the cell. Brine is maintained in the anode compartment at a level above 
the upper edge of the cathode. It percolates through the diaphragm into the enthode 
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compartment, where a somewhat lower level of dilute caustic is maintained in the 
submerged types of cells, and where it drips off the bottoni iu the unsubmerged types of 
cells. In either case, the hydrogen formed at the cathode is led off from a connection 
near the top of the outer iron tank, from the space between it and the cathode. The 
submerged type of diaphragm: cell has at advantage in that the How of brine through 
the diaphragm at all levels is substantially equal, whereas it is highly variable in the 
nnsubmerged type of cell. The relative merits of submerged and unsubmerged dia- 
phragm cells are still under discussion, 

Cells with horizontal diaphragms usually consist of a rectangular steel or conerete 
tank supporting a horizontal diaphragm on a woven iron cathode not far from the 
bottom, The diaphragm is placed on the horizontal cathode either as deposited asbes- 
tos fiber mixed with barium sulfate, or pasted on as asbestos paper. The anode com- 


partment is directly above the cathode 00 
1 ——— 

















and the anodes are hung through à con- - 
crete or stone Tid. sols [Current effic 
The function of the diaphragm is to 
minimize diffusional migration of ly- — | Q4 — | Jot do 
droxyl ions into the anolyte, and yet B ~Decamposition of NaCl 
maintain a minimum of clectrical resist-  & 49 
ance. An extremely large umnber of 
tiny holes is desirable, so as to increase 20 
output per vat of physical size. How- 
ever, since the mass flow through each 0 
diaphragm pore must be large enough to 9 9 RATE ΘΕ BRINE FLOW, con per Bon 
prevent, or at least largely to prevent, amp.-hr. per sq.ft. diaphragm 


the migration of hydroxyl ions, 1: "45. pig 6, Effect of rate of brine flow on current 
been found that for a given current the efficiency and per cent decomposition of NaCl. 
efficiency of a cell goes through a maxi- 

mum as the rate of brine flow is varied. This is illustrated im Figure 6, 

Al practical diaphragms gradually clog with the residual impuritics that have not 
been removed from the brine and also with particles of graphite from the anodes. 
The usual practice is to purify the brine as thoroughly as is economical (see “Brine 
purification,” page 379) and to renew the diaphragm at regular periods. 

Artificial graplite anodes are in almost universal use in chlorine eclls. Magnetite 
and also platinum have been suggested but have never come into American use princi- 
pally because the higher voltage in the one ease and higher investinent in the other 
more than offset their longer life and other advantages (such as less carbon dioxide in 
the chlorine), (See Table IV.) The graphite anode is used up in alkali chlorine cells 
at rates ranging from 6 to 25 lb. graphite per ton of sodium hydroxide produced. This 
ineludes the loss inherent in the removal of anades near the end of their life, which 
amounts to from 30 to 50% of the original weight. The rest of the anode logs is due 
about equally to chemical oxidation and mechanical disiutegratiou. There have been 
numerous studics of the mechanism of anode disintegration and various expedients 
have been found to minimize it at the expense of slightly higher voltage. Carbon 
dioxide formed at the anode contaminates the chlorine gas. Since graphite is slightly 
porous, oxidation occurs within the pores, thus causing disintegration. Jinpregnation 
with linseed oil, once practiced widely, is now limited mostly to the anode stem in 
mercury cells, but about one-half of American chlorine is generated at impregnated 
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anodes, the impregnation being done by the graphite manufacturer using proprietary 


processes. A higher degree of purification ol the anolyte minimizes the graphite con- 
sumption. ‘The chloride ion itself has no direct effect on the anodes. 


Causes of Increased Voltage. In all practical cells the voltage is found to he 
mueh higher than the theoretical decomposition voltage of 2.8, and numerous analyses 
of this energy loss have been nade. The whole voltage across the diaphragm cell con- 
sists of the following main components: (7) the anode potential, consisting of the 
equilibrium potential plus the chlorine overvoltage; (2) the cathode potential, con- 
sisting of the equilibrium potential plus the hydrogen overvoltage; (8) the resistance 
through the electrolyte; (4) the resistance through the diaplragin; (5) the resistances 
of the anode and cathode leads; (6) the resistance across the electrical contacts; (7) 
the diffusional potential, Each of these will be disenssed hriclly. Tor a more detailed 
discussion, the reader is referred to the bibliography. 

The Anode Potential, This depends on the equilibrium potential and also on the 
chlorine overvoltage. The equilibrium potential is dependent on the temperature as 
well as the chloride-ion concentration. The chlorine overvoltage depends on the nature 
of the anode surface as well as tho temperature and current density. "able IV gives 
some data regarding this factor. 


TABER IV. Chorine Discharge Potential Using Various Electrodes. 




































(NaCl: 260 er ams/llor — 84.8 o2. /gal.) 
Chlorine dise ha urge potential, ‘vol "m 
Current density — |- - τ᾽ ππππηγηπππη τύ 
Magnetile 
Amp/ Pu aac. | &0*C, | T8*C. | 19*C. | 259€, | 8070. | τούς, | 10, 5?C.. TPO. 
100 9.3 |1.85 | 1.750 | 1.71 | 1.47 | 1.43 | 1.38 L. 330 1.365 1.34 
200 18.6 | 1.90 | 1.805 | 1.79 | 1.55 | 1.40 | 1.44. | 1.355 | 1.370 1.85 
300 27.9 1.95 | 1.846 | 1.82 | 1.50 | 1.52 | 1.47. | 1.380 | 1,375 1.35 
400 37.2 | 1.98 | 1.879 | 1.87 | 1.01 | 1.55 | 1.48. | 1.405 | 1.380 1.355 
500 40.5 2.01 | 1.000 | 1.90 | 1.63 | 1.58 | 1.50 1.425 | 1.386 1.358 
600 55.7 | 23.04 | 1.920 | 1.01 4 1.65 | 1.61 | 1.51 1.445 | 1.390 1.362 
700 65.0 2.1 1.940 | 1.92 4 1.07 | 1.04 | 1.52 1. 15 1.390 -- 
300 74.3 2.12 | 1.000 | 1.93 | 1.70 | 1.660 | 1.53 E 1.400 -- 
900 83.0 — | LOO | L.0£ | 1.72 | 1.68 | 1.545 | 1 1.405 -- 
1000 92.9 T 2.01 1.95 -— 1.70 | 1.558 | 1 1.410 — 








a The thid decimal place, where reported, may be somewhat uncertain, 


Cathode Potential. The equilibrium potential for hydrogen discharge is 0.82 
valts, which is affected in practice by the concentration of the electrolyte and the 
temperature. The hydrogen overvoltage also changes with the nature of the cathode 
surface, the current density, and the temperatures. 

Resistance Through the Electrolyte. From the anode to the diaphragm, the clectro- 
lyte is a solution of sodium chloride saturated with chlorine ancl las variable amounts 
of chlorine bubbles dispersed through it. It is, however, negligibly differont in resist- 
ance from ordinary saturated sodium chloride solution. The cell design that makes 
this path a minimum has always been sought. 

Resistance Through the Diaphragm. This resistance increases with the age of the 
diaphragm. At a current density of 72 amp. per sqft., at a temperature of 75°C., with 
a diaphragm 0.05 in. thick, the resistanae accounts for between 0.12 and 0.15 volt. 

Resistance Through the Anode and Cathode Leads. Tu most practical cells these 
resistances are very low. 
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Resistance Across Contacts, Graphite-to-graphite, as well as metal-to-graphite, 
contacts have a resistance that depends on the pressures with which the two are hold 
in contact. At 1000 p.s.i., the resistance between graphite and copper is 0.0000555 
ohm per sq.in, A graphite-to-graphite joint (see Table V) has higher resistance than 
solid graphite, which has a specific resistance of about 0.0004 ohm per cuin. 


TABLE V. Contact Resistance (Graphite-to- Graphite). 





Contact resisiance, 





Pressure, psi. ohm/aq.in. 
25... eee a ra eara 0.000473 

0 ων 0.000261 

150... cesses eee rese 0.000175 
PME ο εν εν ο νο ων ων aa 0.000101 

MOO esses Ine 0.000064 
;β0........νννννννννν νε νν έν νε ννν εν νον εν 0.000036 


LOND, cee ect eee ees 0.000031 


Diffusion Potential. When two solutions of different compositions mect at a 
boundary, a potential is set up. In the diaphragm type of cell there should be a poten- 
tial drop at the diaphragm where the solntion of sodium chloride meets the solution of 
sodium chloride and hydroxide. This potential has always been less than the errors in 
its measurenient. 

A careful analysis of the voltage balance of a Voree cell at 1000 amp. is given in 
Table VI. Tt shows the relative magnitudes of the various factors discussed above. 


TABLE VI. Voltage Balance of the Vorce Cell. 














Constit vent M aximnm Minimum 
Cathode potential 1,260 1.160 
Anode potential 1.685 1.610 
Voltage drap in the electrolyte 0.403 0.408 
in the diaphragm 0.145 0.145 
in the anodes 0.100 0.100 
in the contacts 0.10 0.10 
"Total 3.693 8.518 
Mean valuc 3.606 
Measured voltage 3.60 





Source: reference (98). 


The following brief descriptions and historical sketches of twelve currently used 
types of diaphragm cells are intended to illustrate the design principles involved rather 
than give engineering comparisons of their merits or demerits. 


Allen-Moore Cell. E. A. and H. R. Allen and H. K. Moore were associated in one of the 
earliest developments of alkali chlorine cells in 1892 (the LeSucur cell) and in 1901 were granted a 
patent on their own cell (32). Tho modern Allen-Moore “KTM” cell ig about 81/2 ft. long, 141/. in. 
wide, and 33 in. high, The bottom part is sx iron tank into which a perforated-sheet cathode, whose 
cross section isin a W shape, extends from its support at the upper edges. Asbestos-paper diaphragm 
isused. The top of the cell is concrete and suspends two rows of anodes so that both sides of each row 
face diaphragms. The cells are operated at about 1500 amp., with a current efficiency of 94% and an 
energy efficiency of 61%. Some 3% of America’s chlorine capacity is in KLM cells. The cell rooms 
can make ahout 3 1b. of chlorine per day per sq.ft. of floor space. 
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Billiter Cell. This cell is rectangular and has a liorizoutal diaphragm. — Tt has Found relatively 
little use in America but was widely used in Hurope. A £0,000-amp. Billiter vell is about, 113/, fL, s 
11!/, ft. in ground size. It contains about 108 sq.ft. of cathade sereen and 100 sq.ft. of graphite 
anodes. "The steel tanks are lined with acidproof brick and are ahount 1 to 1/a ft. high. The cathode, 
a, horizontal 16-mosh iron screen, is supported on round iron rods, about '/-in. dinametor on '/y-iu. 
centers, which are embedded in the brick sides, and also ona brick canter wall raaning the long way 
of the cell. The diaphragm is prepared by mixing asbestos fibor and barium sulfate with water in an 
external beater to a heavy putty, which is troweled onto the sercen while suction is applied from 
below. Each eell is covered with eight slabs of suulstone, stoneware, conercte, or slate, ola. con 
taining holes for passage of anode leads. The anodes are luted with cement and pitch, as are also the 
sandstone edges. 

A modified Billiter cell, of the same physical size, has a cathode made of slotted metal formed to 
give 90° indluded-angle valleys running the tong way ol the el. The anodes for this Eype of cell are 
triangular in cross section to fit the valleys. The electrode aren is thus greatly extended ancl the coll 
is operated at 15,000 amp, at a voltage of 4.1. The 10,000-uup. cell requires an average of 4.3 volts, 
varying from 3.7 to 4.8 with age. Tho diaphragm life is approximately 6 months. ‘Phe eanstic 
strength is between 125 and 180 grams per liter sodium hydroxide and the liqnor contains 0.05 gram 
per liter sodium chlorate. The gas is 96.8% chlorine, with 1.8% carbon dioxide, 0.38% hydrogen, 
0.25% oxygen, remainder air. The graphite consumption is 1d to 16 lh. per ton of chlorine. Power 
consumption is 8000 kw.-hr. direct eurrent per ton of chlorine. "Phe okl eell produces ubout 2.34 Ib. 
of chlorine per day per sq.ft. of cell room, whereas the new produces 8.6 |». Other Biller sizes, with 
variations in structural detail, were in wide use in Germany, 

Dow Cell (87,44). The ceil developed by the Dow Chemical Co, has a number of unustal fen- 
tures. The improved type is built muuch dike a filter press, and has bipolar electrodes so. that, the 
current, passes through a number of unit eells or abutting frames in series without the necessity of 
separate electrical cables or buses between successive cells, The uode of one unit eel is electrically 
connected within the concrete cell frames to the eathode of the next coll. Bach unit-cell anode also 
serves us the partition or separator belsyeen successive unit cella. 

The pocket-type anode in each wmit cell is a segmented structure made up o£ ulternate verticul 
spacers and vertical plates, both made of graphite. The vertical plates extend neross the entire frame 
and are east securely into the frame at both top and bottom. By this construction, the spacers, the 
anode plates, and the concrete frame surrounding the anade structurae together form a Muid-tight parti. 
tion. The enthode structure of each unit cell consists of a coarse wire sereen seeurod in na metal 
framework, which is held in place by bolts embedded in the conevete frame,  Vertienl, hollow eathorle 
fins, also constructed of metal sereen, are secured to the cathode sereen at intervals corresponding to 
the pockets between the plates of the anode partition. A permeable diaplaagm of asbestos paper is 
laid over all portions of the cathode sereen and fins exposed to the anode chamber. 

In operation the anode conpartments are kept full of electrolyte, and the cathode compartments 
are kept partly full by means of an adjustable overflow. Brine is fed to and gas removed from the 
anode chambers through a lorge concrete header oxtending slong the entire length of the coll assembly. 
The header is partitioned to provide each cell with à brine reservoir whieh is interconnected to nn 
upper gas main or port extending the length of the assembled coll series, and a similar port is provided 
at a lower level, In «similar manner lydrogen is collected through a smaller header connected £o the 
cathode chambers, Caustic Hows out of the cathode chamber throngh an adjustable overtlow, 

Gibbs Cell. Whereas the rectangular evlls are quite varied in physical design, the cylindrical 
colls (Gibbs, Wheeler, Vorce, Tucker-Windecker and the variations thereof known us Greene, Robert- 
son, eto.) are ull quite similar in physical arrangement (already deseribed) but differ only in details of 
construction. Vorce superintended the development, of a cylindrical cell originally patented by A, Ej. 
Gibbs of the Pennsylvania Salt’ Manufacturing Co. A sectional model of one of the Gibbs cells is on 
exhibit in the Franklin Institute at Pliludelphia. In the Gibbs cell (Vig. 7), the chlorine outlet is in 
the center of the top and the brine feed is in the center of the bottom, and the cathode operates un- 
submerged. The anodes are suspended from the concrete cover which is supported on the external 
steel cylinder. Some 17% of America’s installed chlorine capacity js in this and similar cylindrical 
cells at about 4 1b. chlorine por sq.ft. of foor. ` 

Hargreaves-Bird Cell. This cell, in its oviginal design, ix one of the oldest with vertical wnsul- 
merged cathodes, and is unique in that instead of sodium hydroxide it produces sodiun carbonate. 
It is used principally in paper iills in America, there being several such installations where the sodium 
carbonate can be used economically. It has to a certain extent leen the prototype of ull vertienj- 
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ealhiode diaphragm colla, — "'he enustie formed on the cathode is immediately converted into carbonate 
hy carbon dioxide blown into the cathode compartments, | "The quantity of brine passing through the 
diaphragm is regulated in such a way that practically its entire sodium chloride content is decomposed 
and only small amounts of chloride remain undecomposed in the carbonate solution in the cathodes. 
The cathode compartments are kept warm by steam entering together with the carbon-dioxide-con- 
taining gases. The brine that does not pass through the diaphragm overflows and is resaturated with 
sodium chloride. Despite the faep that back migration of OH- ions is greatly reduced by the trans- 
formstion af sodium hydroxide into carbonate, the current efficiency docs not reach the figure obtained 
on other diaphragm cells, and the complication due to the necessity of circulating the brine for re- 
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Fig. 7. Gibbs cell. 


saturation is not compensated for by the production of carbonate solution with a small quantity of 
chloride, The sodium carbonate solution contains 180 to 150 grams per liter and is discharged 
through the hottom of the cathode compartment. These cells run nt about 6000 amp. and 4.5 volts 
when new, and are decreased gradually ta 3000 amp. and 3.85 to 4.0 volts as they get old. The anodes 
and diaphragms are renewed after about 350 to 400 duys. The cell is 12 ft, long, 7 ft. high and 30 in. 
wide. 

Hooker Type-S Celi (26,27). The Hooker Electrochemical Co. operates the Hooker Type-S 
Cell in its plants at Niagara Falls, N.Y, and Tacoma, Wash. The Hooker Type-S cell is probably 
the most advanced and widely used cell in America and is being licensed for foreign use as well. There 
were 24 installations in American using this cell in 1945, making more than 35% of the chlorine pro- 
duced in the U8, The predecessors of the Type-S cell were the Type-E5 (Marsh) cell, some of which 
are still in operation in Hookers Tacoma plant, and various modifications of the Townsend cell, 
patented m the early years of this century hy C. P. Townsend, 

The Hooker Type-S cell (Fig, 8) is approximately cubical in dimensions and consists of three 
major parts: (7) the bottom seution, which meludes the entire anode assembly, (2) the middle sec- 
tion, which is the enthode, and (1) the concrete top. The active anode consists of ninety 18 in. x 
18 in. X 1!/, in. gruphite bludes that extend upward into the cell. Electrical contact is made to 
these blades through a lead casting in which the blades ure embedded. The graphite blades are in 
two banks with space between for brine cirenlatian. The cathode is formed within a rectangular 
frame of steel channel-section with rows of parallel cathode fingers projecting inwardly between the 
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anodes along the tayo opposite sides. The eathode fingers are thin, elongated, parallel compartments 
made of heavy wire sereen, folded im nt the corners and edges, and welded into a single unit, The 
asbestos diaphragm is formed by immersing the steel enthode assembly into n suspension af. aghestos 
fibers in a liqukl of suitable specitic gravity amid viscosity, and drawing the suspension onto the sereen 
by suction. When the diaphragm is of the proper thickness, the cabhorle is lifted oul of the tank and 
maintained under suction to compact and dry it. In the assembly of the cell, tho cathode section is 
placed on the cell bottom and the concrete top is placed on the cathode. Both the top aad bottom are 
made quite massive and serve as heat insulators as well ag structural members. The weight af the cell 
parts creates sufficient pressure an the gasket surfaces so that no elamps are required to hold the cell 
parts together, 

‘Che brine is supplied, through an accurately formed orifice, in wv broken stream to. minimize 
current Joss, The caustic effluent is baken oft through a pipe set at eneh a discharge level that the 
chamber formed between the cathode sercen and chinnel Pame is nt all times nearly fled with 
satholyte. This substantially equalizes the differential pressure over every part of the diaphragm. 
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Fig. 8. Hooker Type-S cell (26). 





The chlorine is taken off through on opening in the concrete top by means of a ceramic pipe 
connecting to the chlorine header. The hydrogen is taken off through the rear wall of the channel 
frame forming the cathode support. The cell is generally operated at from 7500 to 8500 amp., 
although a larger model of this cell, called the Hooker-Colurnbia, is operated a£ 12,500 amp. Approx- 
imately 52% of the sult is decomposed, giving 188 grams por liter of etastie soda in the effluent, The 
cell is operated at g bigh temperature (85-95°C,) so that both high current and high power efficiency 
are obtained. The tivo cell sizes permit production of about 6 and 81b. of chlorine per day per sq.ft. of 
floor space, respectively. 

Krebs Diaphragm Cell, The Krohs Co. of Paris and Zurich las for a number of years engineered 
and installed plants using both diaphragm and mercury cols. The mercury cell is better known and 
is deseribed below (ace “Krebs mercury-cathode cell,” page 376). Recently, Krebs perfected a new 
type of diaphragm cell which has as yet no plant-operating record to back up the claims. The first 
installation of 700 cells on 600-voll circuits was installed near Compiègne in France. The plant will 
have a capacity of 80 long tons of chlorine per day. ‘The coll representa a considerable forward step, 
among diaphragm cells, in mechanical and structural features. It is substantially all steel, with 
rubber conting for corrosion protection. It is capable of operation under à pressure of 1 to 8 meters of 
salt solution, which gives a significant advantage in chlorine and hydrogen compression. Tts cell 
liquor ig at a concentration of 180 to 135 grams per liter potassium hydroxide, or 110 grams per liter 
sodium hydroxide. Ii is operated at 80°C., and the anode and diaphragm life are both expected to be 
two years, which should give it an important advantage, It is operated ata, current density of 45 
amp. per sq.ft. of anode and is said to give an unprecedented 76% energy efficiency. Tt is also ex- 
ceptionally sefe from the standpoint of hydrogen contamination of chlorine. The current efficiency is 
claimed to be 95 to 96% and the voltage, as operated under optimum conditions of the present in- 
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stallation, averages under 3.0 by circulating a livgo fraction of the anolyte. Control of the circulation 
of the anolyte (which is of advantage when a plant has solid salt instead of snturated brine from wells 
and when electric power is expensive) is readily effected from outside of the cell, When no analyte is 
recirculated, the voltage goos Lo about 3.2, thus lowering the energy efficiency given above. The 
Compiégne installation will produce 3.2 Lb. of chiorine per sq.ft. of cell rooin floor per day. 

Nelson Cell. The Nelson cell is a rectangular one with a single row of square graphite anodes 
suspended. from the lid, and is generally similar to the modern. Allen-Moore coll exeept that the 
diaphragm is U-shaped insteud of W-shaped, This cell was at one time in extensive use in United 
States installations, including the Kdgewood Arsenal, the Westvaco Chlorine Products Corp., and the 
Gulf Oil Co., but more lately was being replaced hy Voree cells, Hooker cells, and others. The steel 
outer tank is about 61/, ft. long, 12 in. wide, and 39 in. high. The eathode is lined. with asbestos paper 
0.075 in. thick. The promoters of this cell recommend impregnated anodes. Tt operates generally at 
1000 amp. and 4.1 volts with a current efficiency of 90% and energy aflicienay of 57%. 
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Fig.9. Voree cell (23), 


Townend-White Cell (88). This cell was developed by the Fields Point Manufacturing Corp. 
from experience with the Nelson cell, and is used only by that company. It is a rectangular cell witha 
W-shaped cathode of punched sheet for the support of the asbestos-paper diaphragm. Ji is claimed 
to have distinct maintenance advantages. 

Tucker-Windecker Cell (89), Chis is a eylindrical cell with unsubmerged diaphragm. It was 
developed by the Diamond Alkali Co. and is also used by the Monsanto Chemical Co. It is essentially 
a sitaplification of the early Gibbs ecll developed at the Pennsylvania Salt Company’s Wyandotte 
plant by Tucker and Voree, An angle iron welded around the top of the outer iron cylinder supports 
the cathode diaphragm and the concrete cover, The anodes hang in a circle from the concrete cover. 
Its latest forms operate at 1800 imp.; this corresponds to a current density of about 110 amp. per 
sq.ft. of projected anode area on the diaphragm. Monsanto engineers have published valuable oper- 
ating data on an installation using this type of cell (33,34). 

Voree Cell. The Vores cell is the most widely publicized and used cylindrical cell in America, 
Dr. L. D. Vorce has long been associated with the American chlorine industry and has published a 


372 ALKALI AND CHLORINE 


valuable history of it and the related cell developments (82). Fis cetl (Fig. 9) is eylindriend iud lias an 
unsubmerged diaphragm. Γι consists of a steel pot: that forms a chamber for collecting hydrogen and 
caustic. Inside the pot and concentric with if is a separated steal authode evlinder, clumped to a con- 
crete ring at the top and a conerete disk at the bottom in such «way as to leave an annular clearance. 
A diaphragra of asbestos paper, 0.06 in. thick, is clamped on the inside of the exthode between it and 
the conerete paris. "Lhe anode arrangement consists of 24 sticks of graphite, 2 iu. square ind 36 in. 
long, suspended in a circle from a concrete dome thité closes the cell, The upper end of cach graphite 
stick is machined to pass through holes in the concrete coyer and threaded to a take lead mut. A 
flattened portion on the very end js bolted to a copper ring bhat distributes the current and is connected 
by copper cables to the cathode of the next cell, ‘The brine feed is such as te deliver the brine ina 
Lroken stream and minimize current losses. The brine Jevel in the vell ig maintained constant: by 
means of a glass flout. The cull is operated at from 1000 to (500 amp. When the diaphragm is new, 
the cell effluent contains ahout 85 grams sodium hydroxide per liter whieh, with the wing of the 
diaphragm, gradwully increases to 105 and even 120 grams per liter at higher currents, 

Tn a recent modification, the cell diaphragm aren hni been invrensed some 60%, by adding α 
cathode and a diaphragm inside of the anode cirele wut eoncentris with it, The principal merit. of 
the double-diaphragm type is the higher ehlorine output per sq.ft. of ¢ell room Noor area, which is 
about 7b. per sy.ft., compares to about 41h. for single-diaplragm eell inatallationa. 

Wheeler Cell. The cell developed by the late I’. C. Wheeler is in use in three plianis a: America. 
Tt is eylindrical and the anode assembly consists of 28 graphite sticks, 2 1n. by 2 in. by 32 iin, istened 
ina circle and abutting agninst the conerete cover, Since the anodes do not yo through the bop, it 
smaller amount of graphite is wasted when the anodes are renewed. The current connection to each 
anode is by means of a '/-inch-dismeter steel boli with u eus leid theeud serewed inta i recess iu the 
impregnated end of the graphite slick. A steel plate on top of the concrete cover distributes the 
current to the anodes. The cover and base are made of i special eoneret impregnated with asphalt, 
The diaphragm is of asbestos paper supported ou the eutbade of specitl weven-steel wire screen, The 
cell is operated up to about L600 amp. and in performance it isin most respects similir to the Gibbs 
and. Voree cells. 


Diaphragm Cell, General Operating Data. Table VIT gives mean operating data 
of diaphragm cells, divided more or less arbitrarily into large cells and small cells. 
Several comparative tabulations of operating data of commercial cells have heen 
published (23,24). Wher such data ure furnished by the manufacturer of cells, they 
usually represent rather ideal conditions, whereas, when they are published by users of 
cells, they represent average conditions in aetual plants, whieh vary widely even he- 
tween plants using like cells. Since the various chlurme manufacturers operate their 
cells according to local conditions of economy, any one type af cell is actually operated 
over a considerable range of curreni density, anode and diaphragm replacement eyele, 
ete. Furthermore, even though cells are aliko, their ehuraeteristies in operation vary 
considerably, and an average of a large number of cells is needed to prevent a con- 
siderable seatiertug of operating data. 


Mereury-Cathode Cells 


In tle mereury-eathode type of alkali-ehlorine cell, continuously fed brine is 
partly decomposed iu one compartment called the electrolyzer between a graphite 
anode and a moving mercury cathode, forming chlorine gas at the anode nnd 2 sodium 
amalgam ut the cathode. The sodium amalgam flows continuously or periodically to 
a second conipariment, called the amalgam decomposer, or secondary cell or denuder, 
where it becomes the anode to a short-circuited iron or graphite cathode in an elec- 
trolyte of sodium hydroxide solution. Purified water is fed to the secondary cell, 
generally countercurrent to the sodium amalgam; hydrogen gus is formed, and the 
electrolyte increases in sodium hydroxide content. A solution containing from 30 to 
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TABLE VI. Characteristics of f Diaphragm Cells. 











τ. Τα arge vell Small 6 sell 

Voltage across cell 3.2-4.55 2.9-4.5 
Current per eell, amy. Over 5000 800—5000 
Curent density, anode, amp./sq. ft. 45-180 5-75 
Current, effviency of cell, per cont 93-98 80-07 
Innergy efficiency of cell, per cent 18.5-66 {8-76 
NaOH, lb. /kw.-hr. 0.695-0.05 0.685-1.00 
Ch, 1h. /iow.-hur. 0.617-0.84 0.61-0.965 
Anode life, days 350-800 300-000 
Average operating period of cell 30 days £o 10 months 90 days io 2 years 
Concentration of cathode alkali, grins/Hter 100-135 40-140 
Salt coneentration, cathode alkali, granis/liler 130-175 110-200 
Graphite eonsumplion, Ib./Lon Ch 6-25 6-20 

Ch, lb. produced/sq. it. of coll Tomm/day 3-8 1-5 








7096 sodium hydroxide, aud at high purity, overflows from the secondary cell. By 
far the largest number of. merenry cells ave operated at 50% caustic soda strength, 
Purified, saturated brine is fed fo the cell and overflows at about 260 grams per liter 
sodium chloride; it is generally freed of chlorine, vesaturated with dry salt, purified, 
and returned as fresh feed. 

The formation of sodium amalgam in the eleetrolyzer takes place because of the 
high overvoltage of hydrogen on mereury (Table VITI), us à result of whieh the dis- 
charge potential of hydrogen is uctually higher than that of sodium. 


TABLE VII. Hydrogen Overvoltage of Several Cathode Materials in Dilute Sulfurie Acid at Room 
Temperature, 


. . Hydrogen o overy rvoltnge ut current. dens ity oft 
Cuthode materini amm eaen aen a oe pe — - — 








0.UI amp. fsu en em. 9. τι ΜΝ /sQ. ien. 
νυν — 7 m volts . ΠΝ volts mnm 
Platinum black 0,01 0.07 
Platinum 0.07 0.20 
Iron 0.56 0.82 
Nickel 0.75 1.08 
Ciruphite 0.78 0.98 
Mercury 1.17 1.30 





In the older cells, the main body was constructed of an insulating material inert to 
chlorine, suck as special canerete. The more modern cells are constructed of steel, 
which forms the eathode connection, the parts not in contact with mercury being 
rubber-coated, The anodes are horizontal graphite plates hauging on rods extending 
down through the lids of the cells. Hither the rods are insulated from the cell lid or 
the lid itself is an insulator or it is insulated from the rest of the cell if it forms the anode 
councetion. The anodes are parallel to and close £o the morcury- brine interface, and 
are often perforated or grooved to facilitate release of the chlorine, A chlorine outlet is 
provided in the lid or else the chlorine leaves together with the overflow of anolyte 
from the cell. 

The secondar " coll is made either of iron or of concrete. If an iron eathode 13 used 
it is suppor tod justiabove the amalgam, in order to prevent the mercury from amalgam- 

ating the surface and destroying its activity. A graphite cathode can be placed 
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directly in the amalgam since it does not amalgamate. Many ways have been tried 
and used for transporting the amalgam from the brine cell to the secondary cell. Tn 
the cell most commonly used in the U.S., ibis t "wuisported by roekiug tho cell a little, 
so that the amalgam flows back and forth under a seal wall between the anolyte cham- 
ber and the cathode chamber built, into a common unit. More modern cells, used 
principally in European countries, are stationary, and the mercury anmalgam is moved 
by a centrifugal pump and thus flows continuously in a eireuit between the two parts 
of the cell. In the most usual practices the amalgam leaves the electrolyzer containing 
0.2% sodium aud is returned with less than 0.02% sodium. 

In practical operation, a concentrated, salt-free sodium hydroxide solution, and 
a dilute amalgam for return to the electrolyzer, are obtained by exposing a large surface 
to decrease the anode and cathode current density. This is done by lengthening the 
secondary cell or building tt in the form of a graphite-packed eontaeting tower, down 
which droplets of amalgam flow countercurrent to the rising caustic soda solution. 

'The mereury cell has a fundamental disadvantage of about 0.8 volt compared 
to the diaphragm cell. This is partly compensated because there is no diaphragm to 
impose a resistance, and the clectrodes can be set closer together, Tlowever, in prac- 
ties mereury cells are operated at 2 to 6 times the current density of diaphragm cell 
so that on tho whole they operate nearly one volt higher than diaphragin cells. There 
is a smaller than one volt differences when comparing a high-class merenry plant with a 
low-class diaphragm plant and a larger difference in the opposite case. A coll operat- 
ing with a enrrent deusity of 144 amp. per sq.ft. with 25.5% sodium chloride solution 
and 0.02% sodium amalgam would have s voltage balance approximately as shown in 
Table IX. 

The current efficiency of the mercury cell varies between 90 and 95%. The energy 
efficiency varics from 52 to 55%, and thus is usually lower than that of diaphragm cells. 

Similarly to the diaphragm cells, the mereury cells require anode renewal, though 
their consumption of graphite is somewhat lower, but they do not require amy dia- 
phragm renewal. On the other hand, the mereury must be periodically or autoumati- 
cally skimmed and certain parts of some types of eclls must be periodically cleaned. 
They also have the disadvantage of an unavoidable though redneible mereury cou- 
sumption, which over a long period, in American plants, is of the order of 0,5 Ih. pev 
ton of chlorine. An analysis of the losses in a German plant gave (13): 





Mercury loss, Hb./short ton Cl; 


Loeation of loss 





Tn brine purification muds and purges..... 6.0.02... cc eee eee 0.550 
In the hydrogen gas... 0... eee ee ee are hes 0.013 
In the caustic soda solution... eee eee eee 0.013 
In the cell room air... asnan ben meets , 0.001 
Τα ἴμο βθοοπἆπιγ οοἱ] οισ»ου ρηνρθ...ν.νοννννοννννννννννν εν 0.004 
Spillages ancl unaccounted for... 6. eee eee 0,419 

Dolado ee ehh aen . 1,000 


The Castner Cell. From the standpoint of production of chlorine from mercury cells in Amer- 
ica, up to the heginning of the World War IT this cell was the most important in use (18), ‘The earlier 
forms developed by the studies of Castner and Kellner will not bo described, 

Castner-Mathieson Cell. The Mathieson Aikali Works at Niagara Falls, N,Y., has developed 
and greatly improved this cell through the first forty-five years of the present century. Until the end 
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TABLE IX. Voltage Balance at à Mercury Cell at 65?C. 


Constituent 


Na (0. 02% amalgam)-NaCl (25, 592) 
Cl- NaCI (25.592) 


ohlorine overvoliagc 
Voltage drop in the electrolyte. ....... . 
Voltage drop in the leads and conlacts 


0.28 


of the 1930's this was the only firm in America having a large output of chlorine (rom mercury cells, 
"The cell (fig. 10) consists of a concrete trough mounted so that it eun be slowly racked through a small 


angle by meus of à continuously operating eccentric. 
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connected as the cathode and flows hack and forth under à sealing wall with the rocking of the eel, 
There is relatively poor countercurrent action, so the amalgan is carried much more dilube (bout 
0.02% sodium) than in more modern cells and there iss enustie-strength limit of abont 80 to 35%, 

Imperial Chemical Industries Mercury Cell. £.C.T. operates 8000 to [2,000 amp. mercury 
cells, which are about 20 in. wide and 30 to 40 i. long. Wyandotle Chemicals Corp. in American uses 
them under I.C.1. license. These cells are similar in design to the LG. troagh-type cells degerihed 
below. LCI. and LG. had entered into exchange of teelimical data just before World War IT. 

LG. Farbenindusirie Trough-Type Merenry Cell. Belween the two worki wars, LG. begun 
extensive development and use of mereury-cathode cells, even though the Billiter eella had been in 
widespread uso throughout Germany. TG. uperated the trongh-type mercury celly in most of its 
plants, in sizes ranging from about 6000 amp. to 28,000 amp. The latest examples of the cell show 
especially good mechanical development. There were several reasons for Germany's development, of 
the mereury cell (see “Comparison of mercury and diaphragm eolls" page 377)..— First, the Germa 
chemical industry, being fairly coucentrated, seemed to prefer to ship dry salt rather than chlorine, 
Secondly, the lime-caustic industry was slow to solve the problems connected with the production af 
high-quality caustic for rayon manufacture. Thirdly, nickel for causiic evaporators was searee, 
Finally, there were political reasons; Germany would have aceess to no asbestos during a period of 
naval blockade, but had access to mercury in Maly and Spain, and sinee a considerable stock pile of 
mercury could be built up and stored economically, as compared to the nceded stoek pile of asbestos 
fiber, there seems to have been a strategical reason for this decision to concentrate on a cell involving 
an inherently higher coal demane. 

The latest form of the T.G. cell consists of a heavy E-beum, some 28 in. deep and iboub 3 fL. (one 
meter) long for each 2000 anip. of eupacity. "Phe I-beam is precisely machined along the edges of two 
flanges so thal. it can be supported at a controllable small slope with the web hovizoutal. "he insides 
of the upper flanges are rubber-coated and the neehined npper surface of the web aets as the contact 
surface for the meveury cathode, which is a thin film running down the length of the web. The rubher- 
coated steel cover is bolted to Manges welded to the main T~beam with properly insulated bolis, The 
I-beam acts us the eathode connection and the cover as the anode connection, each of ¢he anodes being 
supported through holes in the cover and connected to it dlectrically. Near the low end of the beam 
trough is an open-topped vertical pipe which controls anolyte level and is the outlet hoth for the spent 
anolyte and the chlorine gas, leading them downward into wt cellar belaw. At Che extreme low end is & 
seal for drainage of the amalgam witht drainnge of anolyte. The amalgam returns through a 
sloping trough, paralleling the nun cell body, where it is treated countereurrently with water while i 
contact with its carbon cathodes. At the low end o£ this secondary coll is à vertieal-shaft centrifugal 
pump, which lifts the regenerated mercury back to the high end of the main trough. The voltage, 
at 2000 amp. per meter of length, varies between 4.1 and 4.9 depending on the age of the anodes, und 
tnereases about 0.1 volt for each 7% incrense in load. 

LG. Farbenindusirie Rotary-Cathode Cell. From shortly before the beginning of World War 
TI, T.Q., was developing a new type of mereury-cathode cell patented in Creat Britain (86) in 1988 
and also in America in 1941 (15,48). 

In this cell, the cathode consists of four iron disks, about 6 ft. iu diumneter and about 2/, iu. thiek. 
They are spaced about 8 in. apart on a horizontal shaft operating ut 6 rpn They dip into a semi- 
cylindrival basin filled with enthode mercury, which is largely displueed by steel hoaxes between the 
disks. The upper part of the hasin i$ à rubber-Hined box, which runs nearly. full o£ inolyte and in 
which graphite anodes are supported between the disks, givmg an active cathode aren whout 93 sq.ft. 
The voltage at the start of a new cell, und at 24,000 amp., is about 4.0, increasing 0.16 valt per month 
as the anodes are consumed. The amalgam leaves the cell at the interface where the disks are travel- 
ling downward. A vortical-shaft centrifugal pump lifts it about 31/2 feet. inte the top of à decompos- 
ing tower in which the mercury trickles down over broken graphite against iui upward waler-Lo-caustie 
stream. Caustic and hydrogen escape through peripheral holes in a plate, the center of which em- 
tains amalgam distributing holes. The mercury flows across the main cell, the fresh mercury entering 
at the rising side of the disks. Diluted anolyte and chlorine eseape near the top of the box through an 
internal overflow pipe. 

Operating data indicate that this “young” cell was signifienntly inferior to the Ligh] y developed 
trough-type cell in most respects, but in one it had an outstanding advantage: it permitted the 
production of about 12 Ih. of chlorine per sqft. of cell room aren per duy, as compared to about 2.5 
to 3.5 Ib. for most sizes of trough-type cells. 

Krebs Mercury-Cathode Cell. The Krebs morcury cell is in use in 23 plants throughout Europe. 
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Though none are in use in the United States there aro à number of Krebs plants in the Near nnd Far 
East. In form and arrangement the Krebs vell is quite similar to the modern I.G. trough-type cell; 
the main difference lies in the composition of the cathode, which is said to guarantee a uniform con- 
centration of the amalgam, thus reducing the quantity of hydrogen in the chlorine to a minimum. 
Another difference lies in the use of relatively short covers, us compared to the overall steel rubber- 
lined cover of the I.G. cell, which permits the workmen to change and adjust the anodes in a few 
minutes without sLopping the cell. The purging of the mercury for impurities is also done in a semi- 
automatic way. The secondary cell operates at 90°C. and will supply any concentration of caustic 
up to 900 grams per liter. Tor these high concentrations the decomposing elements are made of a 
special steel, 

_ Mathieson Trough-Type Cell, ‘The Mathieson Alkali Works have developed an improved 
mercury cell, which, toward the end of World War YI, they were offering to license. It uses the 
trough-type clectrolyzer and a toewer-type decomposer. Readily adjustable anodes reduce power con- 
sumption und maintenance labor. The amalgam decomposing tower produces the sane quality of 
caustic soda at a saving tn floor space compared tio the horizontal trough type. The cell may be built 
in sizes from 5000 to 40,000 amp. and uses current densities wp to 3.5 amp, per sq.in. depending on the 
economic factors invalved, A cell capable of producing one ton of caustic soda per day requires two 
tons of mereury, 

Sorensen Cell. The Sorensen cell, deyclopad from experience with the Whiting cell, is an older 
meroury-cathode cell that has been used in a few small plants in America for many years. The cell 
consists of an electrelyzer compartment and an amalgarn decomposer compartment, the mercury being 
mechanically circulated by means of a cup wheel. The feed inlet: is at the top of the cell, the chlorine 
outlet at the side, and the hydrogen outlet is at the top, and the alkali outlet at the side of the amalgam 
decomposer compartment, The cathode is iron aud the cell itself is made of conerete-lined stcel. 
The cell operated at 1350 amp, ind at an average voltage of 4.2. The eurrent effieieney is from 90 
to 05% und the energy efliciency 48 to 52%. 

Whiting Cell, The Whiting Cell was an earlier American development than the Sorensen cell 
and is operated in only one small plant in America. No details are presented here. 


TABLE X. Characteristics of Mercury Cells. 





Vollage 8 0ΥΟΡΒ Ον ον ων ν ων ν κ ων νν νεο κο κκ νεο κ ον ον ως 3.8-4.9 
Current per cell, amp... mn 1,500-40,000 
Current density, anode, Παρ, 84. ων νο νο νο ον ον κ εν νεος 30-350 
Όττο, οἰποίοπον, π0Σ οὐσπζ....ννννν νον ον ννννννννν νε ννννννν 51-16 
Energy effieieney, per eent, i... lees eee εν 48-60 
NaOH, th. /kew-be. (LG.) 00. eee ων 0.6-0.7 
Ch, Ib./kw.-hr. (de)... ehe eem ee ee eene 0.53-0.62 
Anada Hfe, days.... 0.0.0 cee tne ne eee teeta : 800-00 
Average operating period of οθΗ]. νο «ο ων ee G months to 2 years 
Coneentration of cathode αἰκα], πον σοη. ΝΑΟΙΓ............. 30-70 
Graphite consumption, tb./ton Ch... 0... eee eee ees 5-20 


Ch, Ib. produced /sq. ft. of eell room/day....... ils sese 3-12 


Comparison of Mercury and Diaphragm Cells 


Beeause both qualitative and quantitative factors enter into any decision whether 
io use mercury or diaphragm celle, no clear-cut comparison can be stated. The two 
processes have existed side by side both in America and Europe. Proponents of the 
mercury cell claim an overall fuel advantage because of the saving on evaporation of 
caustic liquor. However, this is not wholly true since it is feasible, with modern high- 
pressure power generating equipment, to perform hoth the electrolysis and the evapora- 
tion with the same fuel. Furthermore, the mercury process requires dry salt, so that 
with a plant having the lowest-eost salt supply (saturated solution from deep wells) an 
evaporating installation ig required which is comparable in cost and fuel consumption 
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to that required for the caustic. The proponents of the latest diaphragm cells clan 
that with modern purification processes for caustic soda they can produce a caustic 
equal to or superior to the mereury cell causiics. This purification, however, intro- 
duces a complication and added operating expense entirely avoided by the mercury 
cell. Although the diaphragm cell inherently requires less fuel, its cousumption of 
asbestos and graphite is definitely higher in cost than the combined consumption of 
mercury aud graphite iu the mereury cell, The mereury cell does have the disad- 
vantage of a mereury-poisoning hazard which, although extremely small, is real. 
Although a mereury-cell installation may require a higher investment, a large part of 
it is in merenry, which is a more “liquid? asset than any corresponding tiem in the 
diaphragm cell. On the whole, & more eonelusive comparison eanmot be made within 
the seope of this article. 


Miscellaneous Processes for Producing Chlorine 


Potassium Chloride Electrolysis. A saturated potassium chloride solution ean be 
fed to and eleetrolyzed in auy o£ the cells deseribed in the foregoing, There is an un- 
favorable difference in the theoretical decomposition voltage whieh, however, lu prac- 
tice docs not always appear. Certain types of asbestos swell less in potassium than in 
sodium salt solutions, and this frequently more than neutralizes the voltage difference. 
Control instruments must, of course, be adjusted to the different solution density, but 
in substantially all other respects the operations are identical, Jn Ameriea, potassium 
chloride clectrolysis represents a relatively amall part of the total chlorine production 
(see Alkali metals). 

Magnesium Metal Electrolysis. The first large commercial production of mag- 
nesium metal in America was from electrolysis of fused magnesium chloride by the 
Dow Chemical Co. in Michigan. During World. War IT, the American magnesium 
production was greatly increased, using Dow's magnesium ehloride electrolysis and 
several other similar and some different methods. Much of the chlorme evolved in 
electrolysis is immediately re-used in preparing fresh magnesium ehloride froin the 
hydroxide, or in providing the ueeessary hydrogen chloride atmosphere to pievent 
hydrolysis during the drying of magnesium ehloride. In the sea-water process hydro- 
gen chloride is used to make the magnesium ehloride from the precipitated hydroxide 
filtered from sea water, but in one process, connected with the anmonia—soda system, 
the chloride was prepared by interaction between the waste calcinm chloride and mag- 
nesium hydroxide from dolomite or magnesite Inning, and in this case some 50% or 
more of the available chlorine from the final metal electrolysis was recoverable. In 
general the production of magnesium metal is nnimportiant from the standpoint of the 
chlorine market. However, in some plants large installations of Hooker Type-S cells 
have been operated to produce the make-up chlorhie. Gee Magnesium.) 

Chlorine from Sodium Metal Production. Sodium metal is obtained largely 
from the electrolysis of fused sodium chloride, using (he Downs cell (see Alkali metals). 
This cell produces hot and concentrated dry chlorine, which in most plants is eooled 
and liquefied as described beyond. 

Chlorine from Salt and Nitric Acid, The commercial production of chlorine by 
the interaction of salt and nitric acid is now ahout ten years old but is still practiced 
only by the Solvay Process Co. at Hopewell, Virginia. This process is of particular 
interest in that chlorine is thereby produced without the simultaneous production of 
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caustic soda, sodium nitrate being produced instead. The process has not been de- 
seribed except in the patent literature (40,41,42). Difficulties with corrosion at many 
points in the process have been overcome at considerable expense, aud this probably 
accounts for its relatively slow growth. 

The process consists of forming nitrosyl ehloride and chlorine gases by the reaction 
of concentrated nitric acid on sodium chloride, leaving sodium nitrate in solution to he 
recovered by crystallization. The nitrosyl chloride is then oxidized with hot concen- 
trated nitric acid. Althongh the chemical reactions involved in the process are 
probably complicated by side reactions (21), the essential reactions are as follows: 

6 Nacl + 6 HNO; ———> 6 NaNO, + 6 HCL 

6 HCl T2HNO,— 2415.0 205 --2NOCI 

2 NOCI + 4 INO —— 2 11.0 + Ch + 68 NO: 

GNO, + 8 νο +1 Y0, ~———— 6 HNO: 


6 NaCl + 6 INO + L1 0O ———> â NaNO: + 3C -+ 38O 





The plant at Hopewell was donbled during the war to a capacity of 40 tons of 
chlorine per day in each'of two lines of equipment (8). 

The alkali industry has expended considerable sums of money and research 
efforts in trying to develop a profitable way of producing chlorine dircetly from sodium 
chloride without simultaneous production of caustic soda. The nitric acid process is 
the only one that has met with any reasonable degrec of success. 


Chiorine Plant Auxiliaries 


Brine Purification. All common salt, being contaminated with calcium, mag- 
nesium, and other undesirable elements, must be purified before it can be used satis- 
faeforily in chlorine cells. The chlorine plants associated with the ammonia-soda 
operations generally take their purified brine directly from the feed to the ammonia 
soda plant. Mercury-cell installations require resaturation of the anolyte with solid 
salt and this may be followed by purification. Other plants dissolve solid salt in water 
ar else obtain salt as brine from deep rock-salt wells. 

Both continuous and batch-type purification processes are in use. Where fresh 
water is used to dissolve the salt, it is common practice to treat with sodium carbonate 
and calcium hydroxide to precipitate calcium and magnesium, respectively. Where 
the anolyte from mercury cells is resaturated, it is first desirable to remove chlorine 
and this is done by hydrochlorie acid treatment, vacuum, air-blowing, ete. Barium 
chloride aud barium carbonate are also sometimes used for precipitation when such 
chemicals can be purchased favorably; they have the advantage of reducing the con- 
centration of 3027. Caustic soda and flue gas arc also sometimes used as reagents. 
(See also Sodium compounds.) 

Chlorine Drying and Liquefaction. The chlorine gas cmerging from cells is 
collected in manifolds, generally of stoneware, under a precisely controlled slight 
vacuum. This gas usually contains, besides the water vapor in equilibrium with it, 
fine sprays of brine, some carbon dioxide from anode deterioration, the diluent, air 
sucked im at the various points of small leakage, and the hydrogen from diaphragm. 
diffusion, or from amalgam-anolyte reaction. Most of the water vapor is separated 
by cooling the chlorine gas, either in a direct-contact water scrubber or by contact with 
stoneware coils, stoneware pipes, or glass pipes through which cooling water is circu- 
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lated. Most of the brine mist separates out in the same operation. The gas is next 
dried with sulfurie acid. "This is usually doue in a series ol towers where acid flows 
countercurrent to chlorine gas. The acid starts at 98 to 100% into the last (with 
respect: to the chlorine gas flow) of several towers in series, usnally three or four, and is 
discarded at about 60% at the outlet of the first tower, If the gas is cooled to about 
20°C., the amount of sulfuric acid used is about 25 1b. per ton of chlorine. The dried 
gas contains less than 0.5 milligrom of water per liter. The unseparated salt spray 
forms sodinm sulfates in the chlorine drying towers and is a eause for some trouble iu 
the equipment beyond. For that reason, many chlorine plants have special fume 
eatehers, or dust separators, such as glass-wool filters and the like, 

Successful compression of chlorine gas depends upon thorough drying, of the gas 
and the use of anhydrous sulfurie acid as a compressor lubricant, Tn Germany, recip- 
rocating conpressors, sulfuric-acid-lubrieated, were most common, though rotary dry 
blowers and acid blowers were also used. Mm America, the almost universally used 
equipment is the Nash FLytor compressor, which consists of a round iultihlidle rotor 
revolving freely iu an elliptical casing, partially Glled with sulfurie acid. The eurved 
rotor blades project into the ring of sulfirie acid formed by the rotation and thus create 
pockets which compress the gas and eliminate the need tor uioehanien] valves. Suffi- 
eient, fresh aeid is eireulated through the compressor to keep the strength above 96%, 
and under these couditions cast-iron eoustruction is satisfactory. "le sulfurie acid ig 
continually cooled to below 100°F. The control of these compressors is niost usually 
done with a by-pass valve to bleed some of the compressed chlorine Drek into the suc- 
tion; in this way, either wander manual or automatic control, a very precisely con- 
trolled pressure eau be held on the chlorine manifold in the ¢ell room. The suction on 
the Nash pump is usually of the order of 5 or 6 in. of water to take cure of the pressure 
drop through the coolers and dryers. ‘Phe discharge pressure for which an installation 
is designed may be between 15 aud 50 psi, depending upon the temperature to whieh 
the chlorine is to be cooled for liquefaction. In operation the discharge pressure is 
controlled by the rate at whieh noncondensubles are bled. The Nash punip has s 
relatively low efficiency becuse of the high hydraulie losses in tho liquid valves but 
this undesirable feature is entirely offset by its inherent reliability and simplicity. 

The compressed chlorine gas passes through separators to remove most of the 
entrained sulfurie acid and then to a condenser or combination of cooler and condenser. 
The condenser can be cooled with water or with a refrigerant depending upon the 
pressure of operation. Chlorine liquefaction requires about 0.9 ton of refrigeration per: 
ton of chlorine liqnefied aud the usual installation hus à capacity of oue ton of re 
frigeration per ton of chlorine capacity expected. To liqnely 90% of the chlorine con- 
tained in a well-dried cell gas containing 90 to 98% chlorine, if is necessary fo bring the 
temperature of the gas, compressed to 80 p.s.i., to about +L11L°F, when there are 2% 
noneondensables, and £o — 17 ?F. with 1095 noncondensubles, | Most of the liquefaction 
equipment for dried and compressed elilorine gas is analogous to any other refrigeration 
equipment. Liquid ehlorine from the condenser rims into a trap and from there is 
drained to storage tanks. Noncondensahles are usually purged from the top of the. 
trap, aud these purged gases have varying amounts of chlorine depending upon the 
purity of the gas in the cells, as well as the temperature ind pressure of liquefaction. 
In most chlorine plants, this purge goes into a general system ealed the sniff gas sys- 
tem, whieh is also used to empty retumed cylinders, (ο provide the necessiry vacuum 
in cylinder and container filling operations, ete. The disposal of the chlorine iu the 
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sniff gas is usually taken eare of in manufacture of products such as bleach and chlori- 
nated hydrocarbons. Chlorine must be carefully analyzed for hydrogen, especially in 
the sniff gas, and the hydrogen must be kept well below 15% for reasons of safety. 
Most operators consider 6 to 7% as the safe upper limit. 

Chlorine Storage and Shipping Practices. Most liquid-chlorine storage vessels 
are today designed for a safe working pressure of either 225 or 375 p.s. (tested at 300 
and 500 p.si.). Haimmer-welded vessels, formerly used alinost exclusively, are now 
giving way gradually to the use of fusion-welded vessels, which are cheaper and perhaps 
even more reliable. Some storage tanks are kept in a heavily insulated room so that 
the temperature can be kept as low as practical. Some of the expedients used for 
gaging the contents of liqutd-chlorine storage vessels are: supporting the entire tank 
on weigh beams, measurement of hydrostatic pressure, etc. Special safety devices are 
required in the storage of large quantities of liquid chlorine. 

The transportation of Hquid chlorine in interstate commerce is strictly regulated 
by the U.S. Interstate Commerce Commission, which provides regulations and also 
container specifications under the statutes, As a result, tremendous quantities of 
chlorine have been handled and transported by the industry with an enviably low 
accident record, 

Iu the U.S. and Canada liquid chlorine is commercially available in vertical cylin- 
ders holding from 1 to 150 th. (the 150-lb. size dominating), in 1-ton containers carried 
on multi-unit cars or motor trucks, and in single-unit tank cars of 16, 30, and 55 tons. 
AL sizes of containers are given rigid routine inspection before each filling and a peri- 
odie hydrostatic retest by the owner, and the valves arc overhauled after each trip. 
Small tanks and tank cars are all equipped so that either liquid or gaseous chlorine can 
be removed. The vapor pressure of chlorine is ordinarily sufficient to force the liquid 
through an unloading pipe line connected to a single valve at rates up to 5000 lb, per 
hour, It is now common practice to have what is known as an “air pad” in single-unit 
tank cars because these latter, being insulated, often maintain the very low tempera- 
ture for quite some time; the air pad brings the pressure of the tank up to about 120 
p.s.i. by introducing specially dried air, which has heen passed over silica gel or through 
sulfuric acid. | 


Health and Safety Factors 


Chlorine attacks the mucous membranes of the nose and throat, and when small 
quantities are breathed for some time there results an irritating cough that is aecom- 
panied by bloody sputum. When breathed in considerable quantities, serious con- 
gestion of lung tissue is caused, which in extreme eases may be fatal, A few parts of 
chlorine per million of atmospheric air is detected by most human olfactory nerves, but 
is safe almost indefinitely, About twice the concentration just detectable is oppressive 
to most people. For this reason, it is very seldom that anyone ever breathes harmful 
concentrations of chlorine gas long enough to harm internal membranes: 4 p.p.m. can 
be borne without severe effect for one-half to one hour; from 50 to 60 p.p.m. causes 
dangerous illness in one-half to one hour, Activated-charcoal gas masks are commonly 
available in all chlorine plants and where chlorine is used. Chlorine plants have other 
hazards, among them the explosive hazard of hydrogen gas and the explosive nature of 
hydrogen—chlorine mixtures. In the early days of the industry there were several 
serious explosions due to the presence in liquid chlorine of nitrogen chloride, which is 
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easily detonated by shock. Proper purification of brine has entirely eliminated this 
trouble, and by and large it can he said that the industry has à very good safety record, 


Uses and Future Prospects 


Chlorine in various forms (including bleaching powder, sodium chlorite, ete.) is 
the almost universal bleaching agent, and chlorine itself is extensively used. Bleach- 
ing of pulp, especially kraft, uses large tonnages of chlorine, Digestion of fibrous 
materials (such as bamboo, straw) in which the action is more than mere bleaching, 
produces a high-grade produet. However chlorine is Loo destructive for use on wool, 
silk, and other products of animal origin, such as feathers. (See Bleaching.) 

A very important and probably the fastest, growing use is for the preparation of 

“organic and inorganic compounds containing chlorine, of which a very large number 


CHLORINE 
Inorganic Organic 
Hydrochloric Bromine Chlorinated solvents from 
acid acetylene and ethylene 
Metallic > Nonmetallic >Trichloroethylene 
chlorides chlorides 
Curbon tetrachloride 
Ferric Sulfur mono- and 
chlorides dichlorides 
* Chlorobenzenes and toluenes 
Tin Thosphorous tri- 
chloride and pentachlorides Ethylene glycol 
Aluminium Oxidizing Antiknoek fluid 
chloride, compounds 


ete. 


. Synthetie plasties 
> Bleaching powder 


Synthetic rubbers 
-> Solid calcium 
hypochlorite 
Refrigerants 


> Dissolved calcium 


hypochlorite Lubricant aids 
Sodium hypochlorite Chlorinated napthalene 
solution 

>DDT 


+> Sodium chlorite 


. Intermediates and 
+> Sodium chlorate miscellancous products 





— Chlorine dioxide 


Fig. 13. Chemical products from chlorine (18). 
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are manufactured. These are adapted to a wide variety of end-uses, some of which are 
indicated in Figure 11. (See Chlorine compounds; Halogenation.) 

Metallurgical uses of chlorine include various methods for extraction of copper, 
lead, zinc, nickel, gold, platinum, silver, titanium, tungsten, and vanadium (seo these 
metals under separate articles). 

In civilized countries one of the most important uses of chlorine is in sanitation— 
purifying drinking water and sterilizing sewage effluents. Household disinfectants 
form a minor outlet. (See Antisepties; Sewage; Sterilization; Water, municipal.) 

Figure 4 shows the growth of the American chlorine industry. The industry has 
experienced some depressions not paralleled by the general business trend, but they 
are hardly noticeable in the long time curve of production; they have been variously 
attributed to changes in the demand for bleach by the wood pulp and other cellulose 
industries, the change from direct chlorinations to catalytic methods of making certain 
organic chemicals, etc. Changes in the postwar reconversion period eluded leasing 
of some "arsenal" plants for private operation and the direct purchase of others by 
private operators. Outstanding amoug these transactions was the purchase by 
Southern Alkali Co. of the electrolysis facilities of the Lake Charles magnesium metal 
plant for chlorine production, and the announcement by Diamond Alkali Co, of the 
building of a new plant in Houston, Texas. These indicate for the near future a rapid 
growth of the industry, and a southward shift of the center of gravity of production. 
On the whole it appears that the industry faces a period of relatively rapid growth for 
about another generation, especially in chlorinated organics, before it settles down to 
follow the general industrial progress of America. The capacity per plant can also be 
expected to continue its growth. 


TABLE XI. Overall Average Daily Chlorine Tonnage per Plant for U.S.” 











Chlorine, average Chlorine, average 
Year daily tona Year daily fons 
per plant per plant 
1900 10 1925 34.2 
1905 17.1 1930 29.0 
1910 18.2 1985 42.0 
1915 26.7 1040 42.8 


1920 20.8 1945 00.8 


* Does not include small hypochlorite plants. 


Most populated portions of the world, however, have had up to the present a much 
smaller per capita consumption of chlorine than the U.8.; American chlorine equip- 
ment manufacturers may therefore expect a considerable export demand, 


SODIUM CARBONATE 


Industrial History, 385; Description of Solvay Process, 390; Description of Appa- 
ratus, 399; Economies, 402; Uses, 404; By-Products, 405; Recent Developments, 
405. 


Sodium carbonate, NasCOs, formula weight 106.004, is a white, crystalline, 
hygroscopic powder. In chemical trade the terms “ash,” “soda ash,” “soda,” and 
“calcined soda” are used for the anhydrous salt although soda ash is the most common 
and universally used name. Sodium carbonate is moderately soluble in cold water 
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TABLE XII. Average Densities of Various Grades of Soda Ash by Two Methods. 





7 . Tightly packed 
Grade grama/ 1000 eu.om. 


grana / 1000 euo. 


Extra light ash 550 370 23 
Light ash 900 550 84 
Medium ash 1150 800 50 


Heavy ash (dense ash) 1500 1050 66 


Souree: reference (47). 


and very soluble in hot water, the solution being strongly alkaline due to hydrolysis; 
m.p., 851°C.; heat capacity at 45°C., 256 eal. per gram °C.; heat of fusion, 7000 
gram-eal. per gram-niole; density at 20°C., 




















20 2.533 grams per eu.em. (for densities of com- 
3 re ‘ inn Cp» di * q 31114: 1 
80 | —Sohd phases in ο. mereial grades, seo J uble NI); solubility in 
AB Ίος ater, sce Figure 12. (Bee also Sodium com- 
70 | BC Na,CO; 10H30 ^7 7 pounds.) 
CD Na,C03.7H,0 Jn chemical commerce soda ash is almost 
60 T' DE NaCO; H30 : νιν 
T synonymous with the term alkali. It is the 
Jj 50 most available high-tonnage, low-cost, reasou- 
= 40 ably pure, soluble alkali in today’s traffic in 
5 chemicals. In these qualifications, only am- 
ῷ 30 monia offers soda ash a remote threat. Soda 
E 
20 ash is used to neutralize objectionable or excess 
acidity in large-scale chemical muamulaeture, and 
10 is the source of sodin from whieh most finer 
0 sodium compounds are prepared. The only 
cheaper bulk sodium compound is common 
--10 τε EN γω nt aT t an Q0 Nla na 
O 5 10 15 20 25 30 35 salt, which is not nearly so pure as soda ash. 
Na;CO., per cent The biggest single use is in the manufacture of 
: : - ; glass (sec Fig. 13), whieh accounts for har 
Fig. 12. System NaCO,-H.0, freezing glass (sec Fig 1 », wh eh anco mts for ha ΠΥ 
point -solubility (47). more than a third of the total. Large amounts 


are consumed in the preparation of commercial 
soap powders and soap builders for laundering. In Europe itis used in the “lime soap” 
processes. Tt is also usedin water softening, textile processing, welding fluxes, fota- 
tion, manufacture of aluminum, desulfurization of iron and steel, manufacture of pulp 
and paper, and as raw material for many sodium salts. In tonnage of American 
chemicals produced, Table I shows that alkalies, wood pulp, and sulfuric avid are of 
the same order of magnitude, and that alkali growth lias considerably execeded sul- 
furic acid growth. One older process of soda manufacture, the Leblane process 
(never used in the U.S.), has been entirely displaced. The moder method, the Sol- 
vay process, though over eighty years old, has successfully resisted basie changes 
probably because it has been continually refined. 

‘Fhe modern alkali factory is worthy of study not only because of its importance in 
chemical industry but also as a typical example of civilization’s industrial achieve- 
ments, The alkali manufacturer quarries a heavy stone, and mines a deep mineral, and 
then transports the two to a plant in which he processes them to produce an excep- 
tionally pure and uniform bulk product (see Tables XII and XIII, which reaches con- 
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TABLE XIU. Typical Soda Ash Analyses. 
(Mean of Random Samples) 





























Constituent Light ash Usu specifon jon 
Na4,CÓO;, per cent 99.5 98.8 min. 09.3 
Na HCO, per cont 0.0 0.3. max. 0.0 
NaCl, per cent 0.18 0.3 max. 0.33 
NaO, per eent 0.012 0.02 max. 0.015 
SiO, per cent 0,002 0.003 max. 0.0028 
FeaQ 3, per cent 0.002 0.005 max, 0.0027 
AbOs, per cont 0.002 0.005 max, 0.0004 
CaCO:, per cent 0.004 0.03 max. Q. 104 
MgCOs, per cont 0.005 0.01 max. 0.010 
Π.Ο, per cent 0.30 0.5 max. 0.20 
NaO, per cent 58.15 57.0 max. 58.1 
Density (packed, gram/cu.cm.)* 0.81 - 1.23 
Visibility Ginches)? 29 15.5 
Larger than 20-mesh screen, per cent 0.5 — 0.2* 
Larger than 40-mesh sereen, per cent, 1.0 — 38.0^ 
Larger than 100-mesh sereen, per cent, 12.5 — 50.0" 
Larger than 200-mesh sereen, per cent 46.0 -- 1.8 
Smaller than 200-mesh gereen, per cent 40.0 o — 1.0° 





a Measured with un arbitrarily standardized densitometer. The bulk density is about 84 Ib. por 
eu.ft. for light ash and 66 lb. per cu.ft. for dense ash. 

» Depth of 25% solution of sample in a Nessler tube, below whieh crossed hairs are just visible. 

e The sercon test on dense ash piven here is a sort of mean of severul different grades that are pro- 
duced, The actual sereen analysis is altered frequently to suit the special requirements of Jarge 
customers, In general an important requirement for dense ash is to have the —200 mesh fraction at 
alow minimum, frequently below 1.5%). Such a product is called by the trade “dustless douse ash’ 
and is much in demand by glass manufacturers to minimize the air-borne dust in gluss factories. 


sumer's plants at à eost of under one cent per pound, or almost as cheaply as domestic 
coal reaches its consumers. 


Industrial History 


Natural Soda. Man’s carlicst use of alkali was undoubtedly prehistoric, The ashes of many 
plants are known to have heen leached for alkali in the middle ages. The ashes of some plants, such as 
seaweed, have a high alkali content, and even today are a source of alkali for small local markets, 
Deposits of natural soda exist on many parts of the earth and some were used by the ancients. Gen- 
erally these are found only in arid regions, which are remote from the world’s populated and industrial 
areas. <A few are bheing worked commercially, hut they are essentially of local importance, represent- 
ing hardly more than 4% of the synthetic produet, thougl at Searles Lake in California high-class 
chemical engineering is practiced in connection with soda recovery. (See Sodium compounds, } 

Leblanc Process. "The earliest process for soda manufacture, outside the laboratory, was the 
Leblane process (49), which enjoyed its greatest prosperity from about 1875 to 1885 (seo Pig. 14). 
This process is now entirely displaced, and it is mentioned here only because of its historical interest, 
Through it, chemical industry learned some of its must valuable methods. Nicolas Leblanc outlined 
his process for the munufacture of soda ash and other chemicals fram common salt, through the in- 
centive of a substantial monetary award offered hy the French Academy of Sciences in 1775. The 
offer of such an award is indieative not only of a shortage of natural soda, which civilizntion must have 
felt with increasing intensity during the late 18th century, but also of tlie changing civilization of the 
period just before the French Revolution. The Revolution itself interfered with Leblane's develop- 
ment of his process and his death occurred before he saw the fruits of his genius. The first plant to 
produce by Leblano's process was built in England in 1828 and from then until 1885, the Leblanc 
process led in the production of soda ash, 
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Jn ihe Leblanc process common salt, was dreated with sulfuric weid to make sodium sulfate and 
muriatie acid: 
NaCl + LSO ~ Na HSO 4- ICI 
NaCl + NalsOQ,——— > NwsOQ, -- ΠΟΙ 
The sodium sulfate wns heated with limestone and eoal (o produce “black ash," containing sodium 


carbonate, calcium sulfide, and some unreacted coal: NaySOg -- 2. C -—- > Nan -+ 2 COs, Nas + 
CaCO — NetOO, + CaS. The sodimm carhonate cout) be extracted (rom. the Diwek ash and 
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Fig. 13. Principa uses of soda ash (5). 


enusticized. witli quieklime, iid methods were developed for roeovering the sulfur from tho. ealeium 
sulfide. "Phe muriatis acid was worked up into hleuching powder hy Weldon's or Deacon's process 
(see “Chlorine,” page 350). 

In mast of the Lelitune pkunts the manufacture of sulfuric acid was included, often from iron 
pyrites and Chile saltpeter by the chamber process. In the largest Leblane plants, pig iron and 
metallic copper from the burnt pytites were additional products. Thus the manufacture of most. 
heavy chemicala had its start in the Leblune industries, 
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The Leblane process was still being practiced in England and on the IEuropean continent during 
World War I, hut i£ has now entirely disuppeared. 


recrystallization, which was often 
done by the customer at his own 
glass or soap factory; a tremendous 
amount of burdensome and oppres- 
sive labor was involved; the line of 
products was exceedingly complex 
and the market for each product 
seldom stayed in balance with the 
quantity produced; noxious gases 
and malodorous wastes had to be 
disposed of: for all these reasons it 
could not compete with the. sim- 
plieity and greater economy of the 
ammoniu-soda process. 


Solvay Process. The dis- 
covery of the chemistry in- 
volved in the ammonia-soda 
process can be traced back as 
far as the early 1800’s. An 
unsuccessful factory was ac- 
tualy buit in England in 
1840. Enough patents, cover- 
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World production of soda ash. 


ing various parts of the process, were issued in England and in France to show that 


all of the basic ideas had been discovered and patented before 1850. 


A few British 


and French plants were put into operation in the years 1850-1860, but all of them 
failed to be commercially successful, due in part to the difficulties of control that are 








Fig. 15. Estimated daily chlorine capacity of soda ash by countries—World War II. 
Area of the symbol is proportional to total estimated daily capacity for country, 


TABLE XIV. World's Ammonia- Seda Plants. 
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Name Locntion 
United States 
“A. Solvay Process Co. - | Syraense, NW 


2. 
3 ü i ii 
4, Wyandotte Chem, Corp, 


(North plants 

5 Wyandotte Chem, Corp. 
(South plant) 

6. Dianiond Alkali Co. 

7. Pittsburgh Plate Glass Co. 
(Columbia Chemical Div.) 

8. Pitishurgh Plate Class Co. 
(Southern Alkali Co.) 

«8. Mathieson Alkali Works 

10. ad ες íc 


a 


un EC n kali) Tad 

2. H 

3. ca ae tt 

11, {{ (C ii 

15. ae dd ad 

16. LGT (General Chemicals) 
b tl, 





AT. Deutsche olvay Werke 
B εἰ εἴ m 
20, Kali-Chemie 

21. Chem. Fabrik Kalk 


22. Matihes-Weber 


28. LG. 
several 
meni 8) 


(and 


establish- 


I'arhenindustrie 
Sul 


ΒΕ Holvay & Cie 


248, s ες t 
25 ες εἰ εἰ 
20 τί ce tt 
27. it it ἐς 
(indirect) 


28. Comptoir de PTIudustrie du 
Hel et, Cliniques do l'lóst 

20. Société Saint-Gobsin 

_ Cluny et Carey —— 


390. Lubimoli-Solyay et Cie, 


22: Slavyansker 






e Jr conjunction with nitrogen-fixation plant, 


F Saavathen σος ον 


Detroit, Mich. 
Baton Rouge, Ta. 
Wyandotte, Mich. 


it € 


Fairport, Ohio 
Barberton, Ohio 


Corpus Christi, Tex. 
Saltville, Va. 
Lake Char les, Lac 
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TABLE XIV. World's Ammonia-Soda Plants (Continued). 
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Japan 
33. Asahi Glass < Co. , Lid. ΚΝ (Fukuoka) | p 1916 | 600 ΠΝ 
84. Nippon Soda Co., Ltd. Tokuyama (Yamaguchi) 1918 800 
35. Toyo Soda Co. Tonda (¥ amaguehi) 1936 500 
36. South Manehurian Co. Pulantien (Darien) 1937 120 
37. Kyushu Soda Co. Kyushu 1936 100 
38. Nippon Chissa Hyrio Konan (Korca) 1937 100 
39. Dai Nippon Artifivial Perti- Onoda (Yamaguchi) 1938 75 
lizer Co, 
Italy 
E 40. Soe. Montecatini Monfaleane (Trieste) 1013 | so | 
iL Solve ay ἃ Cie. Rosignano 1919 800 
Czechoslovakia 
^ 42. “hemisehe Werke Aussig.~ Nestomitz ΠΝ 1906 ] a50 | 
Falkennua (LG. Farben) 
48. Chomisehe Werke Aussig.- Aussig 1885 150 
Palkenau (LG, FF i Wott, 
dt, Synthesia C hitain al Works Semtin 1934 10? 
TA d. 
Yugoslavia 
| 45. Solvay 4 & ας, and Aussiger Lukavac (Bosnia) mE — 200 7 
Vervin ; 
46. Solvay & Cic. and Aussiger Hrasnica — 100 
Verein 
Poland 
ΠΠ Solvay, & Cio. Montwy (Posen) m 1881 |. 200 τ 
48, Podgorze (Galicia) — 100 
Belgium 
19. Solvay & Cie. Couillet 1863 | 250 
Canada 
τρ, Brunner -Mond (Can: ada) Amherstburg 1917 250. 
Ltd. 
China 
5L Yungli Chemical Industries, Tangko τ 1921 250 g i 
Ltd. 
42. Yungli Chemical Industries, Wutungehiag 1941 50 
δ... ο.“ . 
Spain 
_ 53, Solvay d & Cie. Torrelavega 1008 | EN 0 
Austria 
54. Bolvay Sodabetriebsge- libensoe 1885 200 | 
selleschalt 








b Allas NaHCO; by modified process. 
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TABLE XIV. World's Ammonia-Soda Planis (Concluded). 
Australia 



































55. Imperial Chemical Tudustries,| Adelaide [| 19 10 ο 
Lite 
ny p 
56. Imperial Chemical ladus | Khewra (Punjab) ΙΕ ος 
tries, Lid. 
57. Tata Chemieals, Lid. Mithapur (Kalhbiawar) 1941 150 
58. idm Chemica! Co, Dhrangadhra (Nathiawar) 1926 00 
UU Was v0 
IE Uzinele S Solvay (2 planis) u [Tus a and Maros U vr | —[. 150 τ 
ΠΠ ... p “Switzerland | E 
“60, Solvay & Cie ΠΝ | ft | og wo 
Noma mM 
61. NomkHydr-Elekt. | Heroja |] ECI |o75 
lle mE 
02 Bolvay & Cie. | Roermond (Limburg) | 19 | 3w 
ΜΜ ΠΣ, ο 
(08, Comp. Amon. Td, Quim. Ἢ Μα. Τίς! 3 — —— —— 
ac. 














inherent in the provess, and in part to high salt costs resulting from salt taxes then in 
force (49a). 

In 1861 [Eemest Solvay independently discovered the whole proeess, and in 1865 
he started a plant at Couillet in Belgium, whieh is still in operation. The plant had a 
production of 11/, tous per day in 1866 and by 1872 lad reached 10 tons per day. In 
that year the largest of today’s European plants was being built in Dombasle, near 
Naney, in France. In 1874 the first successful ammonia-soda plant was erected in 
England, and in 1882 tho first American plant, which is today among the largest in the 
world, was erected at Syracuse, New York. Table XIV is a fairly complete list of the 
world’s soda plants us of 1044, shown on the imap, Figure 15. 

Five competing companies now operate ten plants inthe U.S. The map, Figure 
16, shows their location and their relationship to other alkali products. The Belgian 
Solvay Syndicate is in control of about twenty plants in Europe, and independent 
plants have been constructed and put into operation throughout the European coun- 
tries, and in China and Japan. Three plants were put into operation in India during 
World War II. 


Description of the Solvay Process 


Chemical Reactions. ‘Che following description is not intended to illustrate the 
mechanism of the reactions, but to show, as far as possible, how ihe various substances 
used in the process react in the various pieces of equipment. For this reason the equa- 
tions have not boen written in tho ionic form. 

The raw materials are common salt and limestone. Ammonia entors into the 
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fa Natural sada ash plants ` P" 2» L 
e Chlorine plants at soda ash plants V Os 
A Dry ice and liquid carbon dioxide | 
plants at soda ash plants 
4 Metallic magnesium plants al soda ash plants 
D Potassium hydroxide plants at soda ash plants 


Tig. 16. Soda ash plants in U.S.— 1945. 
Heavy lines represent estimated freight boundaries between U.S. soda ash planta. 


process, but is not used up and only a very small amount is lost; consequently, it is not 
a raw material in the usual sense of the term. 
The overall equation for the entire process can be written: 
CaCOs; 4- 2 NaCl] ———9 N4CO; 4- CaCl: (Ὁ 
This reaction docs nat tale place directly, but in a number of steps. The process is 
eyelie, and in a description it 18 necessary to begin at au arbitrary point: it is con- 
venient to consider as the first step the burning of limestone with coke in a kiln: 


4 heat 4 4 
Ca CO; ————5 Cad + CO: (2) 
- (to reaction 5) 
2 
CO -+ O: —— CO: (3) 


The lime is discharged from the kiln and slaked with water to form a thick milk of lime: 
Ca0 + HO ———~> Ca(OH): (suspension) (4) 
~ (to reaction S) 
The salt, in the form of a saturated brine, is treated with ammonia and with car- 
bon dioxide (the two treatments are considered together in this brief description). The 


reaction that takes place can be represented as: 
(to reaction 8) 


NH; + CO: + ILO + Naci —— NaHCO: + NHCl (8) 


(to reaction 6) 
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The sodium bicarbonate is decomposed, yielding the carbonate, by heating at a 
temperature of about 200°C. : 
` 200°C. . E . . 
2 NaHCO, — NaCO + O + CO: (6) 
~ (ho reaction 5) 


The filtrate from reaction 5 contains ammonium chloride, some wmichanged sodium 
chloride, and the excesses of both ammonia and carbou dioxide; the latter probably 
exists ax bicurbouate ions, but since the ammonia is in excess over the carbon dioxide 
some of the ammonia must be present ag ammonium hydroxide. AU of the anmonia 
must be recovered from this solution. This is done m two steps, because heating alone 
sulfices to drive off the ammonia corresponding to the bicarbonate and hydroxide ions, 
but lime is required to recover ammonia from the ammonia chloride, The first step 
ean be represented as: 


. - 1009C. . "m 
NIT,CI 4- NHEIICO, --- NTLOTE -———— NIECH -4- COS -- 2 NIS -- 2 HO (7) 
(to reaction 5) 
The hot solution, eoutaining only ammonium chloride (and nnreacted salt not shown 
in the above equation), is then treated with the milk of lime from veaction 4: 


Ca(OTD, 4- 2 NILCI — — IBO + CaCh -+ 2 NI (8) 


(to reaction P) 
This is known as the “prelimer” reaction. | 
These equations are now assembled and arranged, with two of them written with 
a leftiise arrow £o facilitate following the flow of materials. Phe number of moles is 
chosen to balauce the overall equation 1. (Reaction 3, the buming of the coke in the 
lime kiln, is omitted here, as is the recovery of vhe “free” ammonia.) 


Reactions Apparatus 
Limestone Saturated brine 
CaCO,—— Cad + CO, Lime kilns 
Ca (OH) =—— Ca0 + H,0 Slakers 





2 NH,Cl-+ 2 NaHCO,~— 2 H0 +2 NH, + 200, 4- 2 NaCI Absorhers, towers, 


d ft and filters 





2 NaHCO,-—- 21,0 + CO, + NaCO, Rotary calciner 
Ca(OH), + 2 NICI ——> CaCl, + 2 NH, + H0 Still and prelimer 
for ammonia 
recovery 
Solutcon: by-product Solid 


or waste | product 
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The Role of the Ammonia. Equation 5 represents only the overall reaction, A 
better idea of the mechanism of the reaction can be obtained by considering the ions 
that are probably present in the solution, The brine contains the ions Nat and Cl-. 
When the ammonia is added, it dissociates to some extent, giving an alkaline solution: 

NH; + 10 NHi + OH- 








When carbon dioxide is added to this alkaline solution, it gives appreciable concentra- 
tions ol HCO}: ) 
CO» -- OH 7 z——cHCOg; 





Therefore in the final solution the ions present in appreciable concentration include 
Nat, NHT, Cl-, HCOY, and OH-. The solubility relationships of the various com- 
hinations of these cations and anions, at the concentrations met with in commercial 
practice, have been thoroughly explored by investigators working mostly to provide 
private data for some of the larger alkali manufacturers. The best published data are 
presented m the work of Fedotiev and Koltumov (46). Sodium bicarbonate is the only 
reagouably eommon sodium salt having a low solubility compared to most sodium 
salts, and its significantly low solubility under the conditions prevailing in the Solvay 
arbonating tower is the fundamental fact underlying the success of the Solvay process. 
It enables easy separation by the simple operation of filtration, thus permitting ade- 
quate recovery of the ammonia, , 

Equation 5 gives no indication as to the order in which the reactants should he 
brought together. If ammonium bicarbonate is prepared ancl brine is added, the 
process is unsuccessful. It can be made to work with ammonium bicarbonate and 
solid salt, but this is inconvenient from an engiueermg point of view, and the product 
does not have a good crystal form. When brine is used, it is essential to absorb the 
ammonia in the brine first, before any large quantity of carbon dioxide is added. This 
discovery, and the recoguition of the need for continuity in the process, are the two 
outstanding contributions that finally gave Solvay success where many others had 
failed. 

fquations 1 through 8 above have been written with a single-headed arrow to 
indicate the direction in which the reaction proceeds in the course of the process. 
Actually, they are all equilibrium reactions, and for scientific accuracy should be writ- 
ten with a double-headed arrow. Ta reaction 5 complete bicarbonation of the sodium 
salt is never obtained, and the reaction is carried only as far as has been found to be 
profitable. 

Iu mnmoniation, the solubility of ammonia in brine depends on the concentration 
of the brine, the presence of carbon dioxide in the ammonia, and the temperature. 
Reasonably economical operation is possible only if the brine entering the absorber is 
saturated, or nearly so. The ammonia concentration is limited by practical con- 
siderations, concerned with obtaining the sodium bicarbonate crystals in a size and 
form suitable for filtration, and with the most efficient use of the heat-interchanger 
surfaces in the ammonia-still condenser and in the ammoniacal brine coolers. Am- 
monia absorption is usually carried up to about 85 grams ammonia per liter. The 
solution of ammonia in brine is exothermic, and the above concentration cannot be 
reached without cooling the liquor. The ammonia gas obtained from the ammonia 
still contains sufficient water so that when it is dissolved in the nearly saturated brine 
no sodium chloride is precipitated, although the solution continues to be nearly 
saturated with respect to sodium chloride, which is a necessary condition for a satis- 
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factory yield of bicarbonate. Occasionally, with a brine unusually close to saturation 
and with an exceptionally efficient ammonia still, sodium chloride is precipitated on the 
cooling tubes in the ammonia absorbers. | 

The extent to which the ammoniacal brine can be carbonated depends on the 
partial-pressure difference between carbon dioxide in the gas phase and carbon dioxide 
in the liquid phase. Ag the carbonation proceeds, the partial pressure of carbon di- 
oxide in the liquor increases rapidly and complete bicarbonation cannot he obtamed in 
practice. High bicarbonation is favored by: low final temperature of the slurry (re- 
quiring cooling), high per cent carbon dioxide in the gas, and high gas-inlet pressures 
(requiring tall towers). In practice, with about 75% COs in the bottom gas entry of 
the tower, 45 Ib. gage pressure, and a draw temperature of 80°C), the ammoniacal 
brine can be 95% bicarbonated (liqnid phase, 80 to 8595 bicarbonated) to give a 75% 
yield of sodium bicarbonate from sodium chloride. The unconverted salt leaves the 
operations along with the calcium chloride. For reaction 5 to proceed further to the 
night, giving a higher overall yield, would require taller, more expensive earbonating 
towers, so that more coal would be used to generate steam with which to drive the 
carbon dioxide compressors. These combined additional cosis amount to more than 
the cost of the unconverted galt. 

For favorable equilibrium, more than the theoretical equivalent of ammonia (as 
indicated by equation 5) must be present, wud about half a pound of ammonia is re- 
eyeled per pound of sodium carbonate made. Ammonia is worth nearly 5¢ per lb., 
whereas soda ash is worth less than 1¢ per lb., so for profitable operation loss of 
ammonia must be kept extremely small. The industry has gradually learned how to 
minimize all ammonia losses until today many plants consume less thau 2 Ib. ammonia 
per ton of salable ash, or recover well over 99.8%. 

Flow Sheet. Figure 17 is a flow shect showing diagrammatically the essential 
pieces of engineering equipment in a modern ammonia~soda factory. The inter- 
mediate liquors pass through a number of storage vessels which, although essential to 
successful operations, are omitted for simplification. The storages have a chemical as 
well as physical significance, which will be referred to in greater detail under “‘Opera- 
tion and control” (page 399). Since the process is cyclic, it is necessary to begin the 
description at an arbitrary point and return to it. 

Ammonia Absorption. The strong brine from the wells is saturated with ammonia 
gas in a tall cast-iron absorption tower. The ammonia gas contains some water vapor 
and earbon dioxide, but this will be referred to in greater detail on returning to this 
point of the cycle. During ammoniation the brine requires extensive cooling to permit 
the necessary high degree of saturation at close to atmospheric pressure. The brine 
enters this process as cool as practicable, at about room temperature or slightly lower, 
and it is first used to scrub the residual ammonia from the exhaust gases, whieh are re- 
turned from other points in the cycle. The operation is generally carried out at 
slightly below atmospheric pressure. The brine descends through the main part of the 
absorber countercurrent to the rising ammonia. If the brine contains the usual cal- 
cium and magnesium impurities, the absorber reaction’ precipitates these as calcium 
carbonate and magnesium hydroxide. Tbe ammoniated brine is then passed through 
settling vats. The sludges are pumped out of the settler bottoms and added to the 
liquors from which ammonia is distilled. In the larger or more modern plants the 
brine is prepurified, by precipitating the calcium as carbonate and the magnesium as 
hydroxide, usually with soda and lime. 
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Precipitation of Bicarbonate. From the settling vats the clear ammoniated brine 
passes through storage reservoirs and is then pumped into the top of a high “Solvay” 
tower. Into the bottom of this tower lime kiln gas compressed to about 45 p.s.. enters 
and bubbles up through the solution so that most of the carbon dioxide is absorbed. 
The nitrogen, which is about 60% of the line kiln gas, is vented from the top of the 
tower into a general vent system deseribed below. This step of the precipitation proc- 
ass is called the “cleaning,” and is controlled so as to avoid formation of a precipitate. 
Relatively little cooling is required. "Phe function of this tower will be deseribed after 
the next step. "The liquid drawn from the bottom of the tower is pumped to the top 
ol a second tower (actualy several towers in parallel) where the same process takes 
place with strouger carbon dioxide gas, partly from the bienrbonate caleiners, bubbled 
up through the solution. "This process precipitates sodium bicarbonate aud is aceom- 
panied with the evolution of considerable heat, so that the apparatus must be cooled 
extensively in order to improve yield, and the cooling must be controlled to form good 
crystals. Some of these crystals, and also crystals of other solid phases, form on the 
cooling surfaces, producing a typical scale, which soon reduces the effectiveness of the 
cooling surfaces. When this occurs, the towers require “changing”; by this is meant 
that the “making” tower becumes a “cleaning,” or precarbonating tower. The seule is 
dissolved off the cooling surfaces by the fresh ammouiated brine, assisted by the ugita- 
tion of the cleaning gas, which at the same time carbonates the brine to the point at 
which precipitation is fairly rapid. 

The nitrogen gas (containing 3-7% CO.) vented from both the cleaning and 
making towers is collected in vent maius and conducted to an apparatus that is really 
& part of the absorber mentioned in the previous section, where the freshest brines 
scrub. out substantially all the residual ammonia. The vent gases are at slightly over 
atmospheric pressure at the top of the precipitation towers, and, when released to 
atmosphere, carry off about 5% of the total ammonia loss, 

Filtration of Bicarbonate. The slurry “draw” from the making tower is collected 
in a small vessel from which it is fed to continuous filters, "Tho rotary vacuum filter 
was invented for this process ancl still leads all other equipment for the purpose, but 
continuous centrifuges were filtering a significant part of German soda toward the end 
of World War II. The filter cake is washed with a carefully controlled amount of fresh 
water at slightly over room temperature. This displaces or Jurgely dilutes the mother 
liquor, so that the cake contains from 9 to 15% moisture, which is actually diluted 
mother liquor. Gases from vacuum filters are serubbed with fresh brine, as part of 
the absorption process. The cake, usually called “crude bieaehonate" or “anunonia 
soda,” contains, besides mother liquor and sodium bicarbonate, an average of 5 mole 
per cent of ammonia in the form of a true solid solution. Itis not a mechanical mixture 
of sodium bicarbonate and ammonium bicarbonate, and does not contain sodium 
ammonium double salts. The ammonia in the brine being carbonated changes the 
erystal habit of sodium bicarbonate so that it does not at all resemble crystals of pure 
sodium bicarbonate grown in the absence of ammonium salts. The crystals formed are 
highly variable, and “mushy” or “granular” filter cakes are often seen in ammonia~ 
soda plants. Highly skilled operators can always guarantee to produce highly granular 
material that is much more readily filterable and gives a drier cake on the same filter. 

After its removal from the filters, the cake is conveyed continuously to the calcin- 
ing operation. Since if is the only solid intermediate, its handling is considerably more 
of a problem than the handling of liquors. It is very difficult to store the material 
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without involving much manual labor, but a moderate stock is required to facilitate 
operations. | 

Drying or Caleining the Bicarbonate. The damp crude bicarbonate from the 
filters is fed from the conveyor into one end of externally heated rotary dryers or eal- 
ciners. These are generally level cylindrical shells, externally fired with coal, oil, or gas 
flames in especially designed furnaces. At the point of feed, the crade bicarbonate is 
(in most plants) mixed with some soda ash, which has already heen dried, inorder to 
give it better handling characteristics and inhibit its scale-forming tendencies. In the 
calciner the free moisture or “mechanical water” is first driven off, As the mixture 
passes along the calciner shell, it decomposes to sodium earbonate, giving off water 
vapor, earbon dioxide, and substantially all of the ammonia. At the far cud of tho 
calciner shell, the soda ash is removed at a temperature of about 175 to 225°C. The 
gases driven off are passed through dust separators, and into gas mains that lead them 
ta scrubbers. In the scrubbers most of the ammonia is removed as a weak solution, 
which is added to the liquors to be distilled, though at times it is used as filter wash 
water. The gas is also cooled and mixed with lime kiln gas for delivery to the com- 
pressors, for feeding to the making towers as “mixed gas.” The calciner must be 
operated at an accurately controlled, nearly atmospheric pressure, in order to recover 
all strong carbon dioxide at about 95% strength. A lower pressure would dilute the 
gas and a higher pressure would permit some of it to leak out, since a tight mechanical 
joint for a high-temperature rotating mechanism is difficult to design and maintain. 

Storing and Shipping of Product. The hot soda ash from the discharge end of the 
calciner is cooled, and then stored either in rooms or cylindrical silos designed for large- 
scale mechanical handling of the material. From the silos or storages the product is 
screened and packed for shipment in paper or burlap bags, and barrels. Much of it is 
shipped in bulk ears. A large part is conveyed to other operations in the same factory 
for producing dense soda ash, refined bicarbonate (see Sodium compounds), caustic 
soda (see “Sodium hydroxide," page 408), ete. 

Dense Ash. Coarse-grained soda ash is used in glass manufacture because it 
mixes better with sand and lime. Chemical analysis of the dense product is sub- 
stantially identical with the light produet (sce Table XII) although many samples 
reaching the market are higher in calcium. This is because some, though not all, of the 
methods of manufacture involve adding some calcium chloride solution to effect 
crystal size control. However, some of the product reaching the market is indistin- 
guishable, by chemical analysis, from the light product. 

Dense soda ash is made by preparing the monohydrate, and then again heating to 
dehydrate the enlarged crystals. Monohydration is usually done in a mixer or blender 
in which feed rates of water and light ash are nicely controllable and holding time for 
graining is provided. tis recognized as important in this operation for both the water 
and the light ash to be quite hot (approaching 100°) even though the heat of hydration 
is largely lost. The product from the mixer (or monohydrator, as it is often called) is 
delivered directly to a drum dryer, which is externally fired except when gaseous fuel is 
available. The dehydrated product from the dryer needs only screening to remove 
(and grind in closed circuit) the oversized lumps. Occasionally the screened product 
is passed through an air-swept separator of the air-elutriation type to remove the finest 
particles. The resulting “dustless” product is desirable for glass manufacture, as loss 
of alkali in the glass plant and the nuisance of finely divided alkali in the air are kept 
at a minimum. | 
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Recovery of Ammonia. The mother liquor, or “filter liquor,” from the continuous 
filters contains substantially all of the ammonia with which the brine was originally 
saturated. The rest is in absorber “muds,” calciner gas condensates, ete. A part is 
present as “free”? anmonia, that is, ammonium hydroxide und several carbon com- 
pounds of ammonia that decompose at moderate temperatures, und the rest is present 
as “fixed” ammonia or ammonium chloride, corresponding to the sodium bicarbonate 
that has been precipitated. The filter liquor also contains the unreacted commou salt. 
In the largest plants, the muds removed from the ammoniated brine settling vats and 
the diluted ammonia solution resulting from the serubbing of the gases coming from 
the ealciners, are distilled m separate eolumna, since no lime reaction is required. 

The ammonia still is the most expensive single piece of equipment in the plant, 
and the one that requires the most accurate control. Tt is a very tall tower whose 
uppermost portion uses cooling coils to condense some of the water vapor out of the 
ammonia gag generated in the lower portions. Just below the coudenser is a tubular 
preheater, where the feedd-liquor is preheated and more water vapor is removed from 
the gas by condensation. The warmed feed-liquor then enters x coke, tile, or bubble- 
cap section, where heat decomposes the free ammonium compouiuls and steam sweeps 
the ammonia and earbon dioxide almost entirely out of the liquor, 

The Lime Reaction. The carbon-cioxide-free solution is treated with milk of lime 
in an external liming tank called a prelimer. Most. of the evolved ammonia gas is 
vented from the prelimer back to the rectifying column. The prelimer requires quite 
violent agitation since the heavy particles of undigested lime react rather slowly. The 
resulting hot calcium chloride solution, containing the residual ainmonia in the form af 
ammonium hydroxide, is led back to the top of a 10- to M-plate still, Exhaust steam, 
from gas compressors and other mechanical operations of the plant, is blown into the 
bottom of the still and sweeps practically all of the ammonia out of the lined solution. 
The solution, which is known as the “still waste’? or “still blow-off,” contains unre- 
acted sodium chloride and the excess lime, and is greatly diluted by the water in which 
the lime was conveyed to the reaction and the condensed steam, and contaminated 
with all sulfate anc lime impurities. In à few plants, a part of this solution is worked 
for the recovery of ealeium chloride (ee **Caleium chloride" under Calezum compounds) 
but most of it is pumped to "waste." — Large impounding reservoirs are used to settle 
solids from this waste before it can be released to the adjacent water courses. 

The control of the distillation operation is difficult aud involved heeause the 
carbon dioxide must first be thoronghly stripped in order to avoid waste of lime, and 
thereafter the ammonia must be driven off entirely in order to bring loss of this ex- 
pensive cheniical to a tolerable valne. At least 10% of the ammonia loss is in the still 
blow-off. 

Actually carbon dioxide and ammonia leave as vapor, in equilibrium with water, 
these gases furnishing the heat used in the heater seetion whore “free”? ammonia is 
decomposed. The preheater and condenser cool the resultant gases, the ammoniacal 
condensates acting as reflux, concentrating them in ammonia and carbon dioxide. 
All of the gas at about 56°C. (solid carbamates sublime at a lower temperature) is led 
to the brine absorption tower referred to at the beginning of this description, There, 
most of the earbon dioxide is absorbed along with the ammonia; the remainder is part 
of the "noncondensables," which are serubbed with the freshest brimes and then re- 
moved by the absorber vacuum pump. 

Lime Preparation (seo also Lime). The limestone must be cleaned carefully and 
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graded to reasonably uniform size. In modern operations, the limestone is elevated 
to high bins from which it is mixed with about 7% of its weight of coke; this mixture 
is then fed periodically into the tops of tall kilns, Air is blown iuto the bottom af the 
kiln, gas is sucked off the top, and the coke burns in a zone a little below the middle of 
the kiln. The charge is heated to about 1050 or 1100°C., at which temperature the 
stone “burns” to line. The carbon dioxide evolved consists of both that generated by 
the decamposing limestone and that made by combustion of the carbon in the coke. 
Since air is used to burn the coke, the kiln gases are considerably diluted with nitrogen; 
they usually contain from 37 to 42% COs, together with stone dust, coke ash particles, 
and gaseous impurities. The gas is cooled to some extent in the kiln itself by the upper 
layers of stone; it is further cooled and purified in water scrubbers until it is almost 
free from dust and tarry matter, aud is then delivered clireetly to the inlets of com- 
pressors that pump it into the Solvay towers. For oyster shells, and other forms of 
more finely divided calcium carbonate, rotary kilns are in use. Owing to their rela- 
tively large radiating surface and comparatively poor contact between gas and solid, 
these have a lower fuel efficiency than the vertical kilns, making the concentration of 
carbon dioxide gas significantly lower, Furthermore, the fact that low-volatile pulver- 
ized fuels cannot be used contributes to the lowering of gas strength. Some of these 
kilns are operated with nalural gas, giving a earbon dioxide concentrat:on of 25-28%. 
With certain alterations in equipment, satisfactory soda can be produced with such 
gas, often with an overall gain in economy due to the cheapness and other desirable 
characteristics of natural gas, 

The lime, after some cooling by the entering air in the lower parts of the kiln, is 
discharged periodically, passed through storage bins, and is then continuously slaked 
to calcium hydroxide with an excess of water, usually in rotary stakers that produce a 
thick suspension commonly ealled milk of lime. The heat of the reaction is such that 
the milk of lime is discharged at a temperature of 90 to 100°C., and the water flow is 
controlled to give a free calcium oxide content of 230 to 300 grams per liter. The milk 
is stored in tanks provided with powerful agitators. 

Source of Power. The various puniping and compressing operations described 
in the foregoing paragraphs require considerable power, so that all ammonia-soda 
operations have a central power plant where steam and clectric power are generated. 
Electric motors are usually used for the conveyors, agitators, pumps, ete., while the 
large cooling-water pumps, the vacuum pumps, aud the gas compressors for lime kiln 
gas and the rotary calciner gases are steam-driven noncondensing. The exhaust steam 
from these and the electric gencrators is used for the distillation of the ammonia. Ina 
well-designed and well-operated plant this steam cycle is “in balance” and the total 
consumption of fuel for all operations is seldom over one-half pound of coal per pound 
of soda ash produced. 

Operation and Control. The plant as a whole is operated to keep the soda ash 
storage buildings and silos about one-half to two-thirds full. In case the shipments 
decline, the first control is to slow down the gas compressors. This sucks less air 
through the lime kilns, thereby slowing them down. Less gas is pumped into the pre- 
cipitating towers, consequently loss ammoniated brine is fed to them in order to main- 
tain the same degree of carbonation in the “draw.” As the level of ammoniated brine 
in its storage vessels rises, the rate of feeding brine to the absorber is reduced, and the 
distillation operation is slowed down accordingly. These are the essentials of rate 
control, l ' 
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Since the process is continuous and cyclic, chemical control requires samples of 
each process liquor to be regularly withdrawn and titrated. Temperatures, pressures, 
and titers are held as nearly constant as 18 practicable. Only rates of feed or discharge 
are varied. The utmost precision and good judgment are required in the operation 
and control because such large volumes of high-priced coustituents are behig handled. 

The problems involved in a continuous cyclic operation are very difficult. to 
appreciate by those who have cleat only with batch operations. A most essential re- 
quirement of n continuous operation is the provision of adeguate storage for intermedi- 
ate liquors and materials. Such storages must not only be of sufficient size to allow for 
the “come-and-go” of the process, but must provide for minimizing the effeet of varia-~ 
tions in concentration that ave beyond practical control. Storage vessels must there- 
fore not only be of sufficient size but must he of the proper shape and have connections 
to inhibit lamination or short-eircuiting. 


Description of Apparatus 


In sharp contrast to the situation existing in the chlorme industry, there are no 
standardized equipment items or apparatus offered by manufacturers tor the manu- 
facture of sodium carbonate. Whereas several manutacturers of ells, and patent hold- 
ers of ecll designs, olfer to design, pnrchase, snd even construct complete liquid-chlorine 
plants, there is no comparable service available to the soda ash industry. This follows 
{rom the fact that although America produces almost three times as mueh soda ash as 
chlorine, itis manufactured in only one-sixth as many plants. Briel deseriptions and 
outside dimensions of the principal manufacturing equipment. are given below; for 
more detailed apparatus deseriptions and concentrations, pressure, bemperatures, ete., 
see reference (47). 

Lime Kilns (see also Lime). A modern lime kiln with ἐν capacity of 200 to 500 
tous of stone per day is abont 12 to 16 ft. in diameter and from 70 to 100 £6. high. It is 
lined with a thick Inyer of fire brick with an insulating material between the fire brick 
and an outer steel shell. The top of the kilu is usually sealed to prevent infiltration of 
air since it is under slight vacuum in order to prevent the somewhat noxious gases 
from polluting the charging deck, Charging mechanisms consist of anything from 
very simple holes with double-sealed bells to rather complicated distributing devices 
for kilns of larger diameter. The discharge mechanism usualy consists of devices that 
will draw the lime out uniformly over the entire crass section slowly cnongh to let it 
cool adequately in the incoming combustion nir. 

Slakers. The lump lime from the kiln is usually fed by means of table feeders or 
weighing-type feedors, directly into horizontal or other types of continous stakers, 
The horizontal rotary slaker, which is the most eommonly used, will be about 5 ft. in 
diameter and 60 ft. long for a capacity of about 250 tons of soda per day. Both lime 
and warmed water are fed in at one end and the milk of lime is discharged from the 
opposite end, which has some mechanisms for separating ont tho uudigested particles 
of unburnt stone or coke. Some of the best slakers discharge wt the same ond as they 
are fed: the lime first goes through an Inner cylinder, and then returns through the 
outer cylinders. (Sec also Lime.) 

Brine Making (see Sal). In almost ull American plants, the brine is prepared 
directly within the stratum of rock salt that is the supply of the mineral. Where the 
strata arc not sealed from the ground waters, wells are drilled inte these waters and, 
by means of air lifts, brine is removed at a rate capable of giving a nearly saturated 
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brine. Where the stratum is sealed from ground water, water is usually forced down 
into the cavity at such ua rate that a saturated brine emerges from an iimer tube within 
the same well, In those plants to which solid galt is shipped from mines, the brine is 
prepared simply by dissolving if in highly agitated tanks, Those plants that prepurify 
the brine before it reaches the absorber, treat the material either in continuous oF 
batchwise tanks with controlled streams of soda ash and of lime in relatively standard 
chemical equipment, 

Ammonia Absorbers. The usual ammonia absorber is an all cast-iron tower con- 
sisting of three or more distinet parts. At the very top where the freshest cool brine 
enters are the scrubbers for filter vacuum gas, the carbonating tower vent gases, and 
the final vacuum gases from the maiu part of the absorber. In modern practice these 
are simply tile or coke-packed cast-iron towers with the packing supported on simple 
grates. The absorber proper is similarly a packed cast-iron tower, but it is arranged 
with a tray or plate about one-third the way up, from which the brine is removed and 
cooled in coils to as low a temperature as possible with the local cooling water. These 
coils are usually cast-iron pipes set in vertical banks, and water is sprayed over them 
in an outdoor basin. The lowermost part of the absorber, where the greatest part, by 
weight, of the ammonia is absorbed, reheuts the brine, and it is then cooled or ‘‘tem- 
pered” in additional cooling coils, A tower about 6 ft. in diameter, and 80 or 100 ft. in 
total height (for all of its Tunctions) has a capacity of 300 to 500 tons of soda ash per 
day. 

Carbonating Towers. In almost all soda ash plants, carbonation takes place in 
tall cast-iron towers that are kept substantially flooded with the liquor. The upper 
half of a tower, about 6 ft. in diameter and 80 ft. high contains plates and mushrooms 
designed to break the gas stream up into a large number of bubbles. These plates are 
spaced at about 18-in. intervals. The lower half of the tower consists of cooled com- 
pariments that contain cast-iron water pipes stretching across the tower, and between 
each such compartment is another plate and bubble cap similar to the oues above. 
A group of 6 such towers will have a capacity of about 800 tons of soda ash per day. 
In some fairly modern plants, and in many of the older ones, carbonation is done in 
what is known as Honigmann apparatus. This consists of 5 steel vessels designed for a 
pressure of about 50 p.s.i. which are shaped like an inverted pear. The carbon dioxide 
gases are pumped into the bottoms of these towers, or rather into the top through a 
plunge pipe that extends to the bottom, and flow through the 5 vessels in series counter- 
current to the flow of the ammoniated brine. As the vessel that receives the strongest 
gas approaches equilibrium, that is, eoutains the desired amount of sodium bicarbonate 
in suspension, it is cut out of the line and changed over to become the first in series of 
the liquor flow. The Honigmann apparatis is not nearly so standardized as the Solvay 
tower, but, based on the modern plants still using it, a capacity of 500 tons per day re- 
quires 20 such vessels about 15 ft. at their largest diameter and about 30 ft. in total 
height. 

Filtration of the Bicarbonate. This step is done on fairly standard, continuous, 
rotary vacuum. filters or else in the cycle-controlled, continuously runuing centrifuges 
(sec Centrifugal separation; Filtration). The filters are generally of all cast-iron con- 
struction, have a larger number of pressure rolls than usual, and operate at a somewhat 
higher vacuum than with most granular materials. A filter about 6 ft. in diameter with 
a 6-ft. wide face hag a capacity of between 100 and 150 tons of equivalent soda ash per 
day. The latest cyele-controlled centrifuges are about 8 ft. in diameter and are a pair 
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of back-to-back baskets, cach with 26 in. of cylindrical length, on à single shaft operat- 
ing at 330 to 400 r.p.m. A plant with about seven such machines can maintain a pro- 
duction of about 500 tons of soda ash per day. 

Caleiners. The calciners in most plants are 6 ft. in diameter and 60 ft. long and 
are nade of 4/,-in. thick steel plate. The feeding and dischirge mechanisms are rather 
complicated and specialized and have gradually developed within the industry, uo 
two plants having very similar devices for these functions. One such ealeiner has a 
capacity of 50 to 70 tons of soda ash per day, The fuel consumption is around onc- 
eighth of a ton of coal per ton of soda ash equivalent. This corresponds to a thermal 
efficiency of about 45 to 50%. 

Conveyors and Elevators. The crude sodiwn bicarbonate can be handled on 
rubber or metal belts though it is somewhat corrosive to the mechanical parts of these 
devices. Tor many years the most usual practice was to couvey this crude hiearbonate 
on drag conveyors in steel troughs, sinee these have the advantage of providing ¢ 
“live” storage of material. Conveyors for the hot soda ash are usually screw conveyors 
of somewhat special design, though recently the redler type of conveyor has come into 
considerable use. Tresh soda ash is too easily blown away and Loo hot to be conveyed . 
on rubber belts. For cold soda ash where uo gas tightness is required the pnenmatic 
handling systems are also quite satisfuctory. 

Ammonia Still, A complete ammonia still for 250 to 300 tous of soda equivalent 
per day will be about 8!/, ft. in diameter and 170 ft. high. This includes the height of n 
condenser and preheater section, the “free” still, and the “fixed” or lime still, The 
lime still is usually about 11 to 18 plates, spaced about 2!/; to 3 fl. apart, and therefore 
it has a height of over 30 Tt. The line still is usually made entirely of steel plate. Tt 
has large overflow boxes, and is provided with access doors to make possible removal of 
the scale, of which enough accumulates in 60 to 120 days to reduce the capacity of the 
equipment seriously. In some older plants the lime still was much larger in diameter, 
and was equipped with mechanical agitators in the attempt to maintain the scale at a 
slower rate of growth. Such stills are still in use in a number of European plants, but 
their high cost and their complexity make them definitely obsolete. The lime still is 
usually surmounted by the "free" part of the stil, whieh is a cast-iron section either of 
the bubble-plate type or tile- or coke-packed. It is usually the same diameter as the 
“fixed” still and of about the same total height or a little more. The preheater seetion 
of a Solvay ammonia still consists of cast-iron tubed cast sections, whieh permit 
countercurrent preheating of the filter liquor. The filter hquor usually goes through 
the tubes, and is removed at three or four places along its path to permit venting of the 
evolved carbon dioxide, Iu the most modern stills this part of the apparatus is by far 
the nost expensive, and the condenser that surmounts it is relatively small. Iu the 
older plants the condenser was relatively large and the preheater comparatively small, 
The condenser also consists of cast-iron sections, similar to those of the preheater, 
except that cooling water circulates through the tubes instead of filter Liquor. Some’ 
stills have bubble trays between each pair of cooling boxes, both in preheater and con- 
denser, whereas other stills depend on the tube films and droplets to provide sufficient 
interphase contact. 

Gas Compressors. A 500-ton-per-day soda plant requires gas compressors of 
about 3000 to 4000 horsepower to handle the suction on the kilns and to compress the 
gas into the Solvay precipitating towers. The most frequently used type for this pur- 
pose is horizontal duplex reciprocating equipment, generally steam~(riven by a cross: 
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compound steam engine. The construction in general must be all cast iron, with spe- 
cial types of valves and special lubricating devices to take care of the dirt and corro- 
siveness of the gas. In some plants these compressors are motor-driven, snd in a few 
of the largest and most modern plants centrifugal compressors are used. These are 
usually three- or four-stage, very high-speed, turbine-driven machines, using stainless 
steel rotating elements. 

Substantially all other parts of a soda plant, such as the power plant, water 
pumping facilities, electric generators, and control instruments, ave standardized items 
similar to those used in all process plants. 


Economics 


In 1945 the U.S. produced well over 4,500,000 tons of soda, more than half of that 
produced in the entire world. Substantially no soda ash is imported. The principal 
export from the U.S. is to Central and South American countries. Europe has many 
more plants than America’s ten, but they are gencrally of smaller capacity, each serv- 
ing its individual country. A small plaut in Canada takes care of Canadian con- 
sumption, so that only a negligible amount of the produet crosses the Canadian border. 

The production cost of soda ash at the factory, that is, including factory overhead 
and local management but not sales expense or central office overhead, varies between 
the extremes of about $5 per ton in highly loaded, efficient, modern plants, up to per- 
haps $18 per ton in unfavorably loeated, somewhat obsolete, and inefficient, plants. 
The margin of profit is therefore very small, but the industry enjoys less fluctuation 
than is usual in industrial enterprises as a whole, and its development charges are 
relatively low because it is a time-tested Industry to sume extent subsidized by its 
biggest customer, the glass industry. 

Location of Industries. Soda ash is a cheap bulk product. It ean þe manufac- 
tured profitably only where there ig a favorable combination of raw materials and 
services. close at hand and in areas offering relatively short hauls to consumers. Ap- 
proximately 8 tons of brine, stone, and fuel are brought into the works for each ton of 
soda ash shipped out. Obviously & faetory must be loeated closer to its sources of raw 
materials than to its consumers. Salt is much less widely distributed than limestone, 
but the locations, at least in America, where the two arc in reasonable juxtaposition are 
fairly numerous, relativo to the number of soda ash plants existing. The rather large 
concentration of America’s industrial market in the eastern half of the country, to- 
gether with the tremendous economies effected by large-scale manufacturers of soda ash, 
have combined to make the situation as it is in America. In Europe, on the other 
hand, where there are many more national borders to affect the situation with respect 
to import and export duties, and where the cartelization of indusiry is somewhat 
different from the American pattcrn, there are many more plants and they are gener- 
ally of smaller capacity. The map (Fig. 16) shows the geographical location and rela- 
tive size and kind of by-products made by the five operating companies in America. 
Vigure 15 gives some indication of capacities for soda ash manufacture in the principal 
countries of the world and shows also the approximate freight boundaries where the 
freight rates on soda ash are equal from the two nearest plants. 1t will be noticed that 
the peculiarities of American freight tariffs have made these areas rather irregular. 

Requirements for Ammonia-Soda Manufacture. The materials that an 
ammonia-soda factory must have are listed here in the order of the usual cost of each 
item per ton of soda ash produced: (2) fuel, (£) labor, (8) limestone, (4) salt, (5) 
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ammonia, (0) factory supplies. Tivery item in this list, with the exception of the 
ammonia (which is a small item), is widely available, thongh not always in the densely 
populated parts of the world where the pursuits of civilization afford ihe potential 
alkali market. The salt, coal, aud limestone are the important items in determining 
the location of an ammonia-soda plant. This does not limit the location of an alkali 
plant so sharply, because limestone is widely distributed and sea salt serves for the 
manufacture of ammonia soda in the absence of any cheaper form. Generally the salt 
for the process is obtained from underground beds of this mineral. Locations where 
underground strate ol salt are available for this process are usually extensive, as iu the 
U.S. where the basins of Lake Erie and Lake Ontario overlay tremendous deposits, 
Along the Gulf Coast of Louisiana and Texas there are “salt domes.” Somewhat 
smaller isolated deposits of salt exist in a few valleys of the Appalachian Mountains, 
The far-western states have outerop- 
ping deposits. Other great arcas 
of salt m America are in the less 
populated regions between the 
jp - Rocky Mountains and the Missis- 
sippi Rivor, where the lack of a 
market for soda ash prevents their 
exploitation for this purpose. The 
other impor tant requirements, cheap 
fuel and capable labor, are, of course, 
available in all industrialized areas 
where there is a significant market 
for soda asl; and its allied producta. 

Probably by far the most im- 
portant requirement for à soda ash 
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large-scale operation, the chance for 
a small plant, say less than 100 tons per day, to compete with a large plant within the 
U.S. is almost zero. Smaller plants in remote sections, where a concentrated market 
might develop, are, of course, a possibility. Smaller plants are definitely a possibility 
in foreign countries, ay is evidenced by the three plants that have recently heen 
started in India. Tt ean he expected that there will be important plants in Mexico, 
Central America, or South America within the uext two decades. 

Interrelation with Other Industries. Soda ash is an important raw material in 
many industries, The glass industry is the principal customer for soda ash as such, 
and controls, more or less directly, three of the five American producers, representing 
about 60% of the production. The same situation exists, qualitatively at least, in 
Europe. Other large industries consuming soda ash are soup, petroleum refining, 
and the alkali industry itself, which converts it to caustic soda. Cuustie soda is 
the form in which most of the alkali is used in the soap industry, but since considerable 
soda ash is used in the manufacture of special soaps and detergents, MANY SORP 
manufacturers convert soda ash to caustic within their own soap plants. Glass and 
soap are manufactured in many places in America. In general it may be said that no 
important industries consider proximity of soda ash plants important to their opera- 
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tions, but during World War IT two of the larger magnesium metal plants were built 
at soda works because (among other reasons) of the availability of cheap calcium 
chloride solution. 

Factors Controlling Demand and Price, The quoted “list”? price of soda ash bas 
been quite stable since 1930 at about $1.05 per 100 lb. f.0.b, factory. Before then the 
price fluctuated, as shown by Figure 18, which gives the price at which the product has 
been quoted from the beginning of its manufacture in America up to 1945, It will be 
noted that, except for the period during World War I, there has been a continuing 
decline in the price of soda ash. This has resulted from the cost reduction inherent in 
larger-scale manufacture, and from the technical improvements made hy the industry 
as the result of its research activities. At all times, and particularly during World War 
I, much soda was sold for considerably lower prices than indicated by the chart. This 
was duc to the long-term contracts, with substantial discounts, which prevail in the 
alkali market. 


Uses 


In recent years the consumption of soda ash has been about as follows: glass 
(q.u.), 85-40%; soap (g.v.), 9-10%; chemicals, 30-35%; cleaners, detergents, and 
modified alkalies (see Detergeney; Surface-uctive materials), 7%; pulp (g.v.) and paper 
(q.v.), 5%; water softeners, 2%); textiles, 2-2.5%; exports, 2.5-8%; petroleum refin- 
ing, 0.5%; miscellaneous, 6%. The principal item included in chemicals” is caustic 
soda, à substantial part of which is manufactured in the same plant as the soda ash, as 
described beyond. A large part of the product used in the manufacture of soap is first: 
converted to caustic soda in the plant of the soap maker. Figure 13 illustrates the 
trend of the uses of soda ash over the last 20 years; the fact that “other chemicals” 
and "misecllaneous" are the only divisious showing significant percentage increase is 
evidence of the enlarging diversity of the market for this product, 


By-Products 


Calcium Chloride (see also Calcium compounds). The principal coproduct that has been men- 
tioned thus far is calcium chloride, Relatively few soda ash factories produce calcium chloride, ancl 
those that do prepare for sale only a small part of the total amount available in the stilt waste. Cal- 
cium chloride is used in highway engincering, in cement products, for freezeproofing and dustproofing 
coal and coke, in refrigeration brines, and in drying gases. 

In the finishing of calcium chloride, the still waste-liquor is given a preliminary settling and then 
usually a treatment with barium chloride, This precipitates most of the sulfate, which would other- 
wise give trouble in the evaporators used to concentrate the solution. Some plants treat with carbon 
dioxide gas, which precipitates free lime and. favors the sedimentation of the sulfate. The clavified 
liquor is then evaporated in multiple-effeet tubular evaporators to about 40 or 42°B4,, at which con- 
centration most of the common salt, NaCl, is preeipitated. The salt is separated, using bateh-type 
centrifuges, and the remaining solution is concentrated in single-elfect evaporators to the equivalent 
of ahout the CaCh.2H0 condition. This solution is then flaked on ordinary flakers, and these flakes 
are dried in a rotary dryer, giving a reasonably stable 21110 flaked product, sold as 77-80% calcium 
chloride in paper bags. A small amount is carried to the anhydrous condition. Another large part of 
the product is cast into ordinary steel drums and sold as 73-75% calcium chloride, The common salt, 
which is centrifuged out of the solution, is usually washed away because its high ealeium content 
makes it expensive to purify for re-use in the ammonia-soda or adjacent electrolytic operations. 

Refined Bicarbonate (see also Sodium compounds). Practically all soda ash factories manu- 
facture refined sodium bicarbonate from the soda ash. This product is used principally in the baking 
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industry, for baking powders, other antacid powders, and for medicinal purposes. At, alkali plants 
refined sodium bicarbonate is made by redissalving Che final soda sh or else by starting with a soda 
ash solution made by “wet calcination” of the ertde bicarbonate, and then this solution is reprecipi- 
dated with fresh and. specially purified gas. The precipitated bicarbonate is filtered as in the 
ammonia-~soda process, is precried by centrifugation, and final-dried in moderately heated air-swept. 
dryers of various types. [t is also air-pracded as to size and sometimes screened and bolted. The 
filtrate from the filters is used to dissolve more fresh soda or to beat up the slurry of erude sodium 
biearhonate being fed tò the steam stripping stills. Some of the produel is packed into small boxes, 
but most of it is barreled or bagged for the trade. 

Dry Ice (see also Carbon dievide). Some soda ash factories manufacture liquid carbon dioxide 
and solid carbon. dioxide (dry ive) from the excess kin gas, or (more often) from the gas available from 
the reburning of eaustie muds. Liquid carbon dioxide is used for carbonated waters, fire-fighting 
equipment, and has been developed as a coal mine explosive. Dry ice is used principally as a refriger- 
unt in the preservation of food products and in the retail distribution of frozen products. 

Caustic Soda. The principal by-product of the alkali industry is caustic soda. The manu- 
facture of caustic soda is discussed in the section "Sodium hydroxide" (page 408). 


Recent Developments 


Change of Process. There have been no recent changes in the essentials of the 
ammonia-soda proeess, that is, From about; 1020 to 1946. Indeed, except for details, 
some of which are of great importance to low-cost production, there have been no 
radical changes iu the process since mest Solvay had tt reasonably well perfected in 
1890. But this statement is analogous to the statement that the automobile of 1940 
is in all essentials similar to the automobile of 1905. Detailed improvements in the 
manufacture of ammonia soda have taken place throughout the lifetime of the indus- 
try, and have been of such an intimate and complicated nature that any sort of dis- 
cussion of them is beyond the scope of this presentation. Modern materials of con- 
struction, und modern instruments and methods of control, ure all quickly applied to 
this process to make its product purer and more uniform and to reduce the eost; of 
production. 

The industry gradually learned that the purest, reasonably priced limestone 
available to the factory was essential to a troublefree and economical kiln operation, 
Tt learned also that the brino must be nearly saturated, that calcium and magnesium 
sults must be held to an economienl minimum, and that all process variables must be 
precisely controlled and metieulously maintained. 

Factors Effecting Changes. During the recent decades the rapid decline in the 
price of ammonia has somewhat affected the control of this industry, but the use of 
ammonia as such is much less than the production of soda, aud it has not had a very 
deep-seated effect. The drop in the price of anrmoauia may have a more serious effect 
on the alkali market, which is discussed in the next paragraph. The rapid cise of the 
rayon industry has had an effect on the alkali fudustry in that it has required tre- 
mendous improvement: in purity of product, This is discussed in greater detail in 
connection with caustic soda. 

Natural or Substitute Producds. The development of fractional-crystallization 
extraction from certain natural brines las introduced a rapidly increasing, though still 
very minor, amount of “natural” soda ash (sce Sodium compounds). Within the last 
few years a substantial natural deposit in. the Northwest has been given intensive 
study, but, so far, no way of offsetting the unfavorable freight situation has been found. 
Since most of the sources of natural soda ash are in arid regions, or otherwise remote 
from manufacturing centers, it is not likely that the natural product will compete to 
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any serious degree with the synthetic. It is more likely that ammonia will replace soda 
ash as an alkali m certain chemical operations. This depends somewhat on the dis- 
position of the ultramodern and economical government-owned synthetic-ammonia 
plants built during v» orld War II, and on the always unpredictable results of chemical 
rescarch. 

Need for Further. Developments. "The consumption of fuel aud of salt in the soda 
ash industry is still much higher than is theoretically necessary. Tremendous reduc- 
tious have been made, principally along the lines of having available electric power for 
chlorine manufacture from the same fuel as is required for ammonia-soda manufactare, 
There have also been completed laboratory explorations of better salt utilization, but 
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Fig. 19. System NaOH-H,O, freezing polnt-solubility (47). 


the relative values of coal and salt compared to soda ash will have to change consider- 
ably before the laws of economies will permit utilization of already known methods of 
efficiency improvement. As materials of construction that can stand higher tempera- 
tures and pressures are introduced and eventually become available at moderate costs, 
it is likely that the ammonia-soda process will be correspondingly improved, 

New Processes. No process for producing soda ash by any other method that 
appears to be a serious competitor has yet been introduced. One process, which re- 
quires an adjacent nitrogen-fixation and ammonia-oxidation factory and a source of 
salt in the solid form, has received considerable industrial development in Germany. 
Both theoretical and economic aspects of the process are discussed in Chapter 27 of 
Dr. Hou’s book (47), ‘The results achieved. by the I.G. Farbenindustrie at Ludwigs- 
hafen in Germany, just before World War IT, are described in a report by Deutsch and 
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Neubauer (13). Although the process offers the reward of a much higher salt utiliza- 
tion and a lower theoretical fuel consumption, if has several disadvimlages, principally 
that of severe corrosion. "The Ludwigshafen plaut worked the process i capacitics 
corresponding to about 150 tons of soda per day over a period Goaémpt 20 years and ita 
failure to be applied to other of Germany's synthetic-ummnonia plants would indicate 
that it lacked something in attractiveness even in the German economy. 

Another process, which was worked in an existing plant in England curing World 
Wat [ and studied on a pilot-plant seale in the U.S. carly n World War I, uses sodium 
nitrate instead of sodium chloride as the starting material and therefore praduees both 
ammonium nitrate and soda ash. Due to tho highly oxidizing nature of the solutions, 
stainless steel equipment would have to he used. Che process night find application in 
Chile but, it would now appear, hardly anywhere else. 

In general, it is felt that the serious competition for the ammonia-sodi industry 
lies in other forms of alkali, rather than in new processes lor manufueturimg sodium 
carbonate. 


SODIUM HYDROXIDE 


Incustrial History, 409; Lime Processes, 410; Concentration of Dilute Caustic Liquors, 
417; High-Quality Caustic Soda, 425; Uses and Future Prospects, +27. 
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sodium hydroxide in water (56), eaustie solutions (45). 


Sodium hydroxide, NaOH, formula weight 40.01, is à white deliqueseont solid. 
Tt is corrosive to the skin, aud this property gave it tlie name eaustic soda, which is 
still widely used in industry. It is very soluble in water and strongly alkaline; m.p., 
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318.4?C.; b.p., 1390?C.; density a& 20?C., 2.130 grams per cu.em.; heat of fusion, 
40.0 cal. per grain; solubility in water, see Figure 19. ligure 20 gives the boiling points 


of sodium hydroxide solutions and 
Figure 21 the boiling points of aqueous 
solutions of sodium hydroxide saturated 
with sodium chloride, at various concen- 
trations, since such solutions are encoun- 
tered in evaporating cdiaphragm-cell 
liquor; the boiling point at auy pres- 
sure is obtained by reading to the 
“Diihring lines” from the boiling potut 
of water at the same pressure. Figure 
22 gives thermal properties of sodium 
hydroxide, and Vigure 23 is a simplified 
version of the precise and valuable do- 
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terminations of the thermal properties of sodium hydroxide-water solutions made at 
the University of Michigan, See also Sodium compounds. 


Industrial History 


Reference to Table I indicates that caustic sada ranks high in tonnage importance 
among industrial chemicals and, although it has grown slowly relative to its associated 
produet, chlorine (see Fig. 2), it still leads chlorine, though by a rapidly narrowing 


margin. 


Until shortly before Werld War I, the amount of caustic soda reaching the 


market as coproduet of chlorine was almost negligible compared to that made from 
soda ash by the lime reaction. The lime-process caustic exceeded electrolytic caustic 
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Heat content of caustic soda solutions 


in tounage just before the beginning of 
World War II, but. then the electrolytic 
produet took a rapid spurt and, in 1946, 
substantially exceeded the lime product 
(as illustrated in Fig, 24), The rapid iw- 
erease in the tonnage of eaustic soda reach- 
ing the market as enproduct of chlorine is 
a cause of concern fo American soda ash 
producers, who on that account lave also 
become chlorine—caustic producers. Much 
effort has been put into the development 
of chlorine processes that do not: produce 
coproduct caustic, but, apart from proc- 
esses designed primarily for the produc- 
tion of metals, only one (see “Chlorine 
from salt and. uitrie acid," page 378) has 
met with any success, and this as yet is a 
relatively small factor, (See Table IIL.) 
The causticization of soda ash with 
lime aud the electrolytic production from 


common salt completely overshadow any other process for m aking sodium hydroxide. 
The causticization of soda ash with strontium has been studied beeause of favorable 
solubility relationships, but has not come into use. Some years ago endeavors to 
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modernize and develop the Loewig process for esustie soda (whieh dates froni the 
Leblanc era) led to the conclusion that the equipment involved so high a capita invest- 
ment that the process, although thermodynaniucally sound, would be commercially 
unprofitable. In the Loewig process soda ash was sintered iu a rotary furnace 
with iron oxide, and the elinker of 
NusFe4O, was digested in water from 
which concentrated exustic soda was 
directly decanted, leaving iron oxide 
sludge, whieh was then reprocessed. 
The process is not in use, probably he- 
ause, even though equipment develop- 
ments since it was last studied would 
make it more attractive, the tolerances 
of iron contamination on caustie have 
been drastically reduced. 

| -Electrolytic Th this section the lime process for 
the production of a dilute caustie will 
be explained first, and then the eon- 
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Lime Processes 
GENERAL DESCRIPTION 
The well-known causticization reaction: 
NajCO; -- Ca(Ol Ds z——2 2 NaOIT + Caco, 


depends upon the faet that ealeium eurbonate is almost insoluble in water, The equa- 
tion can also be written: 


Ca( OLD, -F 2 Nat + COI E CaCO0, 4- 2 Na&* -- 20II7 


Since the caleium hydroxide and the ealeium carbonate are present in solid form, their 
activities are constant and can be hie 
cluded in the equilibrium eonstant for 
the reaction, which then becomes: 


K e [Ort-]2/10027] 


"The value of K, and hence the per- 
eentage conversion, is only slightly in- 
fluenced hy temperature because the 
heat of causticization is small; how- 

ever, the speed of reaction iy greater at 0 2 4 INITIAL Na.cO wem 2 5 " 
higher temperatures. In the equilib- (assuming dry slaked hme) 

riun equation, the eoneentration of 
the hydroxyl ton is squared and the 
concentration of the carbonate ion is to the first power, and, therefore, the more 
dilute the solution, the greater is the ratio of hydroxyl to carbonate ions. Thus, the 
percentage conversion would be higher with more dilute solutions, but this, on the 


Na,CG, TO NaOH, 
per cant conversion 








Fig. 25. Causticization equilibrium (47). 
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other hand, would increase evaporation costs. In practical operation, the balance 
between completeness of conversion and evaporation costs is met by producing a 
clear solution containing 10 to 11% NaOH, and 14 to 1.5% NasCQs, correspond- 
ing to 90% conversion of soda. The causticization equilibrium is illustrated by 
Figure 25. 

Tu most causticizing planis the lime is slaked and the soda ash is dissolved with 
some of the dilute caustic liquors resulting from the succeeding mud washing, evapora- 
tion, aud “fished salt” dissolving operations (see below). This is true where fresh lime 
is burned within the eaustic plant, as well as where the lime sludges are reburned, as is 
now the most frequent practice in the larger plants. In smaller caustic plants, espe- 
cially those independent of au ammonia-soda operation, such as those connected with 
soap works, lime is most connnonly purchased as the slaked product. The soda ash 
for the causticizing operation is most usually the dry product, although in some large 
ammonia-soda plants it is fed as a solution obtained by the steam decomposition of a 
slurry of “crude bicarbonate.” In this case the bicarbonate decomposition is not 
carried to completion and consequently the consumption of lime per ton of caustic is 
somewhat higher; in usual practice the decomposition is carried to somewhere be- 
tween 80 and 86%. With either dry or ‘‘wet” soda, in a well-regulated plant the con- 
sumption of soda ash will average under 1.83 tons (as 58%”) per ton of salable “76%” 
caustic soda (percentages refer to NaxO). This compares with 1.308 theoretical (or 
1.825 with pure chemicals). About three-fourths of the loss consists of alkali in the 
muds and the remainder 1s generally unaccounted for. 

The eaustieizing reaetiou is probably slightly endothermie, and a small amount of 
exhaust steam is used iu most causticizing vessels, more to accelerate the reaction 
than to bring it nearer to completion. Causticizing plants are operated both batch- 
wise and continuously, and there are two somewhat distinct types of continuous 
processes discussed below. 


Compared to the lime process, strontium causticization is favored hy the extremely low solu- 
bility of strontium carbonate. At the same time the relatively high solubility of strontium hydroxide 
permits causticizing to proceed np to froin 40 to 48% sodium hydroxide with relatively small settling 
areas and auxiliary equipment required. At 100°C, strontium hydroxide is soluble up to 21%, 
whereas at 10°C, its solubility is only 0.4%. In spite of these favorable relationships, the strontium 
process has not been studied on a plant-size scale, probably because of the relatively low availability 
of strontium carbonate. There is also the question of how much strontium contaminant would be 
tolerated by uses of caustic, and how expensive its removal might he. 


BATCH PROCESS 


A batch of soda ash is dissolved in a tank with return condensate or other re- 
eyeled water, until a solution of about 1.18 specific gravity (17°Bé.) is obtained. The 
solution is heated to 185 to 195^F. and agitated while lime is added, usually as bagged 
hydrated lime or lump quicklime. Usually there are several such tanks used in vota- 
tion, that is, while one is being charged, a second is being agitated and heated, a third 
is undergoing settling, and the decanted liquor is being removed. from a fourth. The 
lime is added in the approximate ratio of 60 Ib. CaO per 100 Ib. Na4COs in the solution. 
Control of this operation is usually by weight of the two raw materials, but, when milk 
of lime or soda solution is used, if is necessary to titrate to determine the desired end 
point. Agitation is continued for about two hours and the solution is allowed to 
settle, The clear solution is drawn off to storage tanks where the last traces of lime 
gradually accumulate in the bottoms. 


412 ALKALI AND CHLORINE 


The lime sludge is washed, first with washings from previous batches and then 
with water. The most concentrated in alkali of these washings is the “water” im which 
fresh soda is dissolved and in which milk of lime is slaked. The final fresh-water wash 
of the lime sludge lakes ib down Loa very low alkali value. Etis then flushed out with 
mill water to a sewer or waste pond, or (seldom in these small bateh-type plants) is 
converted iuto a slurry for reburning. Yn some fairly modern bateb-type plants, the 
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Fig. 26. Continuous causticizing with double filiration. 


tanks are also filters, that is, the bottom of the tank is filled with coke particles that are 
overlaid with an iron sercen to protect the coke from the agitator running above. 
After a sufficient approach to equilibrium, the causticized liquor is sucked out through 
the bottom of the tank and then the mud remaining on the filter medium is washed 
three or more times before bemg flushed to waste. A few plants use large leaf filters for 
clarifying the decantite. 


CONTINUOUS CAUSTICIZATION PROCESSES 


Continuous processes are more applicable to large plants, and are used in America 
in capacities ranging up to 500 tons per day and as low as 50 tons per day. The first 
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process described herein (sce Tig. 26) is usually called double filtration. Dry soda ash, 
from a weigh tank or other lype of storage, is fed at a precisely controlled rate into 
agitated dissolving tanks with meter-contralled streams of wenk wash liquors, to 
produce a continuous stream of solution containing 18 to 208% NaCO; Milk of lime 
is simultaneously prepared in rotary slakers directly from burnt lime storages, also 
using weak wash water, to produce a continuous stream at a strength of about 200 to 
300 grams CaO per liter, In some of the plants associated with ammonia-soda opera- 
tions, the soda stream is meter-controlled from a storage tank of hot soda solution 
from a steam decomposing tawer, us deseribed above. 
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Fig, 27. Continuous causticizing with countercurrent decantation. 


To evaporators 
Muds 


The milk of lane aud soda streams are fed simultaneously into a osusticizer or 
reaction tank. Frequently there are three or more such tanks in series to minimize 
short-circuiting and to provide sufficient reaction time for the heavier lime particles. 
From the causticizers, which are usually quite violently agitated and heated to near 
100°C., the entire suspension goes to vessels used as secondary causticizers and rough 
decanters. ‘The underflow, under controlled diaphragm-pump operation, is fed to the 
first of two rotary filters in series. The cake on the first filter is continuously washed 
with the second-wheel-filtrate, aud the first-wheel-filtrate plus the overflow from the 
secondary causticizers is delivered directly to a series of final settlers and then to weak 


414 ALKALI AND CHLORINE 


liquor storages. A part of the small residual suspension of enleium enrbonato that 
settles in the final clarifiers and the tiny part collected in the storages is removed 
periodically to the filter eycle, The cake eut or blown off of the first filter is repulped 
directly at the doetor knife, using dilute soda ash solution, usually filtrate from the 
following or second filter operation. The repulped first-filter-cake is digested for a 
time in the mud storage tanks between filters, and then is fed to the secound filter on 
which it is washed with hot fresh water from a continuous weir stream to get the 
undigested soda and residual alkali down to a very low value. This second-filter-cake 
is repulped, and then sent either to the waste-disposal ponds or to the reburning 
operation, described below. 

The second distinct type of continuous process (see Fig. 27) is usually called 
“countercurrent washing," In many of the countercurrent washing plants, the dis- 
solving of soda ash, the preparation of inilk of lime, and the causticizing steps ure quite 
similar to those described for the forezoing double-fillration continous process. 
From the vessel, which in the foregoing description was called a secondary eausticizer 
but usually in the countercurrent washing plants is called a primary decanter, the 
underflow is delivered to a series of decantation vessels through which it flows counter- 
current to a relatively small stremn of water. The overflow from the seroudary 
causticizer is, as in the other process, the raw evaporator (eed. It goes through 
primary and secondary settlers aud finally to combination settling and storage tauks 
before being fed to the evaporators. 

The countercurrent washing equipment often consists of a multiple-tray (Dorr 
or Hardinge) washer or else multiple-tank decanters of the same general principle. 
The thin slurry of calcium carbonate mud in a solution ol about; 10.597, NaOL is led to 
the fist tank in series, together with the almost clear overflow from the next tank in 
the mud series. The agitation is very mild, being actually a raking operation that 
concentrates the mud toward the center of each tank, from where it is removed with 
diaphragm-type pumps and fed to the next tank in series. Each tank ju the series 
operates the same way. Where the tanks are superimposed, no diaphragm pumps are 
needed, as the muds are “lifted” by gravity, the measuring being controlled by rake 
speed. The overflow from the first tauk in the mud series is a slightly diluted, weak 
caustic solution, which is added to the streams to the settlers. The water fecd to the 
last of the washer tanks m the mud series is usually either fresh water or condensate 
from one of the evaporator-condensate collecting tanks. The final mud stream 
emerging from the last of the tanks in tho mud series is pumped directly to the waste- 
disposal stream or settling pond, or else it is pumped to the slurry storage tanks acting 
as feed reservoirs for the rehurniug operation. i 

Theoretically, this process ean yield a final mud stream as low iu alkali as that 
produced with the double-filtration process, although it cannot be gotten quite go dry. 
Therefore, in plants where the muds are reburued, it is common to place a filter right 
at the kiln feed floor to reduce the amount of water fed to the kiln. In this way a 
relatively dilute slurry is available for pumping to the kiln, whieh is usually a some- 
what long distance away, and at the same time a minimum of excess water is fed to the 
kiln.. 

Water Balance in Continuous Caustic Plants. From the foregoing bricf descrip- 
tions, it will be noted that there are many kinds of water in eireuit in a. lime-causticizing 
plant and, obviously, a well-regulated water balance is extremely important in the 
economical operation. Whether or not a plant is using the lime-reburning cycle, it 
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“an be considered that it is fed with dry line because, in any ease, dry quicklime enters 

the process, either as kiln cliseharge or reburning kiln discharge, or, at the wettest, 
purchased hydrated lime. Therefore, if a causticizing plant uses dry soda ash, the 
only inputs of water are the steam to the evaporators and the water fed in to wash 
the mud. As first-effeet evaporator condensate is usually an extremely pure source 
of water, more valuable for boiler-feed-water makeup or other plant requirements, it is 
not common. to use it within the caustic plant. However, the other condensates from 
second and third effects, ete., are frequently contaminated with small, though signifi- 
eant, anounts of ndkali. These, therefore, form an important source of the original 
wash water. When a plant uses steam-stripped soda ash solution, an important input 
of water is contained therein, — his radically changes the water balance of a cuusticiz- 
ing plant. 

In a description as brief as the present one, only the general principle ean be laid 
down, and that is to conserve the caustic dilution potentialities of every stream of 
water so that final muds can have the benefit, of a wash with a water extremely low in 
alkali content and, at the samo time, excessive dilutions can he avoided. 


REBURNING CAUSTIC MUDS 


Precipitated calcium carbonate from the causticizing reaction has a number of 
peculiar physical properties, which makes its reburning a unique aud specialized 
process. When examined microscopically, the muds seem to consist of both calcite 
and aragonite crystals and possibly an amorphous form as well, The muds appearing 
on continuous filters in causticizing plants show definite gel properties so that a cake 
that appears to be dry actually contains from 48 to 46% moisture by weight. The 
muds from coutinuous washing processes, as they emerge from the final thickener, 
seldom contain less than 60% water by weight, and often as much as 70%. 1t is 
therefore apparent that the reburning of mud directly from a countercurrent washing 
plant involves the evaporation of froin 20 to 3095 more water than from a double- 
filtration plant, provided there is no further filtering or special thickening. 

The reburning operation is in most essentials the same as the operation of a 
'wet-;iype" cement kilu. The lime mud slurry is fed with stundard-type shurry. 
feeders into the high or feed end of a long rotary kiln, usually equipped with a so- 
'alled *eliain system," that is, intertwined loops of ordinary irou link chain are sus- 
pended inside the kiln so as to pick up the slurry und expose it to the drying action of 
the hot flue gases coming up the tube in sueh a way that there is a greatly enlarged area 
of contact between slurry and gases. The chain system extends down from the feed 
end, almost to where the mud is dewatered. The chain system also helps to break the 
nnd up into relatively small lumps, and prevents ring formation inside of the kiln. 
The low or firing end of the kiln is equipped with a standard eement kiln burner, 
which uses either pulverized fuel, oil, or gas. 

The temperature of burning is controlled either by optical readings of the dis- 
charging-lime temperature, or by a quick residual earbon dioxide determinatian on a 
sample of the burnt ime, Due to the extremely high water vapor content of the kiln 
gases, a determination of the flue-gas temperature is not, suitable for control purposes 
on areburning kiln, the temperature being near the dew point at the most economical 
rate, 

The hot lime emerging from the firing (low) end of the kiln, usually goes through 
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coolers where it preheats the primary and secondary combustion air, and the cooled 
lime is elevated into storage bing used as feed vessels to the slakers. 

Tu some larger plants, the flue gas from the reburning operation is raw material 
for the production of liquid carbon dioxide or dry ice. When sueh is the case, ox- 
Lonsive scrubbers are required. for removing the last traces of lime dusi, and other types 
of serubhers are sometimes required for removing objectionable organie and sulfur 
compounds, which are introduced by the fuel. 


DESCRIPTION OF APPARATUS 


Fairly complete lime-causticizing plants can be purchased from a numbor of 
equipment fabricators and patent holders in America. Most ol the larger caustic 
plants operated by soda ash manufacturers are designed by the companies’ own 
engineering departments, and only such standarel items as counlercurrent decanters or 
double countercurrent filters are purchased, the rest of the eqtupment being fabri- 
ied to the alkali manufacturers’ specifications. 

The following gives a. brief deseription and the outside dimensions ol the equip- 
ment for a typical-size continuous eansticiziug plant, For more detailed descriptions 
of apparatus and duta on concentrations, pressures, temperatures, ete., the reader is 
referred to the fairly abundant literature on the subject (21,47,48,50,58) ancl ta the 
advertising literature of some of the manufacturers of causticizing-plant equipment. 

Caustieizers, A plant capable of making 150 to 250 tons of caustic soda per day 
usually requires three primary causticizers in series, which will be conc-bottomed 
tanks of about 10- to 12-ft. diameter aud about the sume cylindrical height. The milk . 
of lime streams and the soda ash solution streanis enter the first tank, which is equipped 
with a fairly powerful agitator and a small steam evil near the bottom. The flow is 
usually in serics through the three causticizing tanks, the inlet being on top and the 
outlet being near the bottom of the cylindrical side of the vessel. Where the lime con- 
tains a high percentage of coarse or indigestible particles, tlhe Lottom of the cone of 
each causticizer is connected to the suction of a diaphragin-type pump, whieh lifts the 
heavier particles (which do not overflow with standard-size pipes) into the top of the 
next tank in series. 

The secondary causticizer (ov primary clecanter) is usually about twice the eross- 
sectional area of the causticizers, aud is agitated much less violently, The feed to the 
tank is generally near the top in the center, with a Jaunder or weir surrounding the 
periphery, aud the relatively clear overflow frou this tank is led to a primary settler, 
The underflow stream from the bottom cone of the tank is controlled by diaphragm- 
type pumps, and is delivered into a mud storage tank, preparatory to filtration or 
countercurrent washing. 

Primary Settlers. With lime that has reasonable settling characteristies (ncither 
exceptionally good nor exceptionally bad), two 24-ft.-diameter primary settlers, 
equipped with slow-moving rakes to bring the muds to the ecnter, will suffice for a 
plant having a capacity of about 150 to 200 tons of caustic soda por diay. The under- 
flow from such primary scttlers will contain about 25 to 35% solids by volume, as will 
uso the mud emerging from the underflow of the secondary causticizer. Both streams 
80 to a small feed tank from which they are fed to the filtering or washing operations. 

Filters. The primary mud-filtering of a caustic plant usually requires about half. 
or two-thirds as much filtering surface as the secondary mud-filtering operation, A 
rotary vacuum filter with a 7-ft. diameter and 7-ft. face will sorve as the primary filter . 
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for a caustic soda production of about 75 to 100 tons per day. Fine-woven Monel wire 
screens are usually the filter mediums, and the dilute caustic solution is sprayed onto 
the surface or fed from a weir, The filter basins are equipped with relatively powerful 
agitators, and there is usually a “blow-back” connection, which blows the cake off 
just above the doctor knife. The doctor kuife feeds directly into a repulper, where the 
mud is ropulped, preparatory to iis second filtration. The second filters are, in sub- 
stantially all important respects, identical with the first filters. 

Secondary Settlers. It is fairly common in the caustic industry to use what is 
known as the “bell-type” decanter for final settling, which consists of an ordinary 
cone-bottomed cylindrical stecl tank, inside of which a bell-type inner shell is supported 
with a fairly small annular clearance. The feed to such a settler is into the top near 
the center, The thin slurry goes down in the annular space between the bell and the 
tank, and the clarified solution rises slowly aud discharges tram the center af the top 
of the bell. The slidges, muds, or underflows are pumped intermittently out of the 
bottom of the cones of such tanks. About 5 sq.ft. of ground arca inside of the bell is 
required in a usual plant, per daily ton of caustic soda capacity. 

Countercurrent Washing Equipment. The countercurrent-type mud washers, in 
use in fairly large continuous eaustic plants, usually consist of four to six vessels in 
series. ‘They may be either superimposed on each other, as in the multiple-tray washer, 
or may be separate tanks mounted in cascade form. A mean settling area for these 
washers will be about 4 sq.ft. per datly ton of caustic soda. Quite often there is a final 
thickener at the outlet of one of these countercurrent washers, especially where there 
is a lime-reburning plant, 

Reburning Kilus. Where caustic muds are not flushed directly into a river or 
settling pond, they are reburned in kilns as deseribed above. A reburning kiln is a 
long steel cylinder with multiple riding rings and a brick lining. A kiln about 6 ft. in 
diameter and 280 to 300 ft. long with usual auxiliaries is required for a plant having a 
capacity of 200 tons of caustic soda per day. 

Auxiliaries. Most of the equipment in the weak-liquor section of a eausticizing 
plant (concentrations below 11% and temperatures below 100°C.) is made of ordinary 
tank-quality iron, which gives a long life and does not contaminate the caustic suffi- 
ciently to be troublesome. Ordinary iron pumps will suffice for this part of the plant, 
though occasionally the pumps are made of a high-nickel-content cust iron, and. often 
are equipped with Monel metal shafts and trim. In most modern continuous caustic 
plants, there must be no brass and brouze, in order to avoid all contamination by 
copper. 


Concentration of Dilute Caustic Liquors 
ELECTROLYTIC LIQUORS 


Caustic soda solution coming from mercury-cathode electrolytic cells is very 
seldom evaporated, since most modern plants yield the product directly at the 50% 
strength, which is most used in commerce. From diaphragm cells, however, a caustic 
solution containing 9-11% NaOH is common, and this gontaius, besides the unre- 
acted sodium chloride, some dissolved chlorine gas and traces of sodium chlorate. It 
contains substantially no solids in suspension and, therefore, requires no settling. 
The liquor is frequently treated for the removal of most of the chlorine and chiorates 
either by vacuum after slight acidification with hydrochloric acid, or by any other 
means. 
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Because of tlie high unreaetecd-salt content: of dilute caustic soda solutions coming 
from diaphragm cells, the concentration of this liquor into a 50% solution suitable for 
commerce requires quite a different type of evaporator from that in use on lime- 
caustic solutions. More than one ton of solid sali must be handled and reeyeled or 
disposed of per ton of enustie produced. — Figure 28 illustrates a simplified flow dia- 
gram of an evaporator and desalting system, which is partly triple-effeet and partly 
double-effect. In most evaporation plants for electrolytic eaushie diaphragm liquor, 
the salt is removed intermittently in contrast to the process represented on Figure 28. 
In those eases, the evaporators are equipped at the bottom of the cone with what are 
known as salt boxes, by means of an appropriately valved connection. Oceasionally a 
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Fig. 28. Wow diagram: continuous concentration of electrolytic caustic liquors (55). 


valve is closed, the vacuum on the salt box is broken, and the heavy salt slurry is dis- 
charged to a filter or settler. Such salt is quite fine and diffienlt to filter, and a number 
of specialized designs of equipment have been put on the market for growing these salt 
erystals to a more filterable size. 
In America a 50% caustic sokttion is 1 standard tank-car commodity. In luro- 
pean countries, on the other hand, a 40% solution is fairly common, although 50% 
solutions clirectly from mereury cells are also common. The solubility of salt in 50% 
caustic is about 1% by weight, therefore any caustic made from diaplragm-cell liquor 
by simple evaporation with no further treatment contains about 1% by weight of salt; 
this is not objectionable to many consumers. For the rayon industry sud other con- 
sumers requiring low salt, either lime caustic is specified or else electrolytic caustic, 
which has been treated for the removal of salt, is accepted. A few years ago one 
prominent American manufacturer began remoyal of sodium chloride from caustic 
solutions by means of erystallizing out either (NaOH)s 7130 or NaOH.21540 by slow 
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cooling in erystallizers. The crystallized eaustie hydrate was filtered or centrifuged 
and then remelted, thus producing a high-quality, low-salt caustic. The process, how- 
over, has not been adopted widely, probably because of high operating cost and be- 
cause many impurities cannot be sufficiently purged without much higher evaporation 
costs. At the present time a significant proportion of American diaphragm-cell caustic 
is purified from the accompanying salt by a countercurrent treatment with liquid 
ammonia (6). This process has the advantage that some reduction of silica and ferric 
oxide is possible (but unfortunately not of sodium sulfate), and it is possible to operate 
the process so that the salt content is even lower than that frequently encountered 
with lime caustic. 

The salt that is filtered from electrolytic caustic liquor is usually washed fairly 
free of caustic; these washings represent an additional source of dilute alkali used in 
the preceding parts of the operations. The salt is then either redissolved for further 
feed to the cells or, as in some ammonia-soda plants, it is added to the raw brine going 
io the ammonia-soda operations, or it is “finished” for sale. The last two procedures 
have the advantage of avoiding buildup of impurities (particularly sulfates) in the cell 
cirenit. 


LIME-CAUSTIC LIQUORS 


In America the thoroughly clarified 10-11% eaustic soda solution from eausticiz- 
ing operations with lime is concentrated by evaporation to 5095, aud the major part is 
shipped as 50% solution. The rest undergoes further concentration, usually to 70 or 
74%, and some is taken to the unhydrous condition, 84% flaked product has been 
studied and proposed, though as yet it is hardly an item of commerce. : 

The concentration of lime caustic differs from the concentration of electrolytic 
diaphragm-cell liquor, in that no large amount of sodium ehloride salt is preeipitated, 
though a salt commonly called “fished salt’? does separate out in the evaporation, and 
must be removed in order to obtain a high-quality product. In small causticizing 
plants, especially those connected directly with pulp and paper industries or soap 
manufacture, where the caustic is largely used within the plant itself, concentration 

may proceed to less than 50%, that is, often there is intradepartmental transfer of 
caustic soda at 25 or 30 or 835%. These lower-concentrating plants are relatively small 
by comparison, and will not be described further. 

The concentration to 50% is usually conducted in a single multiple-effeet evapo- 
rator. Some of the older large plants still use a combmation of equipment, that is, one 
evaporator to 24 or 2625 NaOH and another to 50%, but this is relatively obsolete and 
stems from the time when it was widely considered dangerous tu operate caustic 
evaporators with a steam pressure much above 10 or 15 p.s.i.g. l 

Caustic made from fresh lime, that is, in plants without reburning cycles, and 
even in those plants that reburn lime if the fucl has a high sulfur content, contains a 
considerable amount of 8027 ion, as well as the unreacted sodium carbonate. The 
solubility of sodium sulfate and sodium carbonate in the 11% caustic is considerably 
grenter than in the 50% caustic, and consequently these solids precipitate during the 
evaporation. This “fished salt” has a composition that is not precisely constant and is 
generally about half as rich in sodium sulfate as burkeite, 2NapSO..NasCOs, and as 
such it is found to come out of solution quicker and to subside a little more readily. - 
For that reason it is often found in eausticizing plants that sodium sulfate will be 
added from time to time in order to maintain the so-called “sulfate-to-carbonate” 
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ratio. Generally this is donc by adding fished salt to the system before the causticizer; 
fished salt is stored in relatively small quantity for the purpose. Quite recently it has 
been found that, where the input of SOP” ions to the eausticizing eyele is extremely 
small, satisfactory precipitation of excess sodium carbonate can be obtained by itself, 
Such fished salt, as well as the regular burkeite-type fished salt, is redissolved and 
forms one of the additional streams of dilute caustic Ghat is returned to the causticizing 
operation. 

In the usual evaporating plaut t the fished salt begins to crystallize out (at the 
temperature within the evaporators) at about 22-24% NaOW. In a regular parallel- 
How triple-cifect evaporator that takes the liquor from the LO-11% eausticizer product, 
right up to a product suitable for making 50% liquor for shipment, this concentration 
is reached only in the third effect. Tor that reasou, the third effect is invariably oper- 


verse pees Ta condenser 







Live steam 








1 

] 

Π) 

la 8l 

[3 al 

5 5i 

12 8 
£ | a : 
[8 50$ Caustic Inpuor 









c 
i 


In ΠΗΓΗ) 








Ι 
Preheater ms er 7 Prelwaler. 
battery Mg pH 5 battery ja teed linur 
Jan ont TT 


To er 





jo "m plant 


Fig.29. Flow diagram: riple-effect evaporator for 5057 caustic solution from lime process, 


ated with a relatively large body of liquor so that the fished sult crystals can grow to 
reasonable size within the evaporator, thus avoiding rapid scaling of tho lieat-Cransfer 
surfaces. If the evaporator is not properly managed, some of the fished salts bogin to 
precipitate in the second effect, and considerable scaling or fouliug of the heat-trausfer 
surfaces is experienced, Fished salt is usually removed by continuous decantation and 
filtration of the underflow. The filter cake is returned to the weak liquor system, so 
that evaporators must have a dewatering capacity considerably above the stochio- 
metric. Straight parallel-flow triple-cffect operation is probably the most favored 
form used by the larger caustic producers today (see Fig. 29). These evaporators are 
generally built with all-nickel heating surfaces and with nickel-clad or nickel-lined 
surfaces wherever there is contact with the caustic liquor. From such equipment a 
caustic that is very low in iron can be loaded for shipment. Tron-surfaced evaporators 
ut the lowest concentrations, thatis, up to about 24%, donot suffer corrosion at a rate 
that would justify replacement of the iron surface with nickel; however, the con- 
tamination problem is the controlling factor, and for this reason, it is usual in modern 
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plants to use all-nickel surface, though there are still quite a number of plants using 
iron surface in the lower concentration effects, and nickel only in the high concentra- 
tions. 

The optimum steam pressure at which a caustic soda evaporator should be oper- 
ated depends on the integration within the whole pilant of the steam and electric 
power equipment, and.of all the other steam and ecleetrie power loads of the plant. 
Figure 30 illustrates a euse swhere fuel and evaporator heat-transfer-surfüce costs bear 
an approximately normal relationship to each other, The plant for which this curve 
was prepared was equipped with reasonably standard maderate-pressure boilers 
(about 450 p.gi.). It must be pointed 
out, however, thai the curve is not uni- 
versally applieable, and plants having 
lower-pressure or very high-pressure 
poilers, higher cost fuel, or a different 
mechanical load, might show a deeidedly 
different optimum pressure, 

Most modern caustic evaporators 
for lime liquor are designed for natural 
thermosiphonie circulation. About the 
middle 1930's there appeared a wave of 
popularity in favor of forced-cireulation 
evaporatars, but it was found that the 
combination of power, maintenance, and 
fixed charges favored natural circulation 
because the suspended salts cause serious 
wear at velocities above those easily ob- 
tainable by natural circulation. 

Most of the largest caustic soda 
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Fig. 30. Optimum pressure for triple-effect cans- 


producers in America design their own 
evaporators, and have them fabricated 
to their own specifications. There are, 


tic evaporation: 
dA = total operating cost + fixed charges at 
1295; B = total operating cost + fixed charges —- 


credit at 3 mils/kw.-hr, for current stripped off be- 
tween boiler pressure (450 p.s.i.g.) and evaporator 
pressure, (Thermal etficieney of turbine = 80% 
of adiabatic work.) 


however, a number of evaporator manu- 
facturcrs who uudertake to supply τ 
complete evaporating plaut with a 
guaranteed performance, For further 
details of evaporation and of the disposition of hent-transfer surfaces between evapora- 
tive, recuperative, sud preheating elements, the veader is referred to the literature on 
the subject, or the patent holders and manufacturers of evaporating equipment (see 
also Evaporation). 

A good modern triple-effect evaporator will produce a ton of salable 50% caustic 
liquor for between 6500 and 7000 \b. of live steam. Quadruple-cffect evaporators will, 
of course, do better, but the steam saving has seldom been justified in the industry, 
usually because fuel costs have been falling relative to heat-transfer-surface cost, and 
also due to the fact that the burkeite erystal necessitates much more maintenance 
work on a quadruple-effect evaporator, especially on the third effect, than in a triple, 
There have been some elaborate combinations of evaporators with a quadruple taking 
the liquor up to below the burkeite point, and a double, or double~single, faking it 
after the precipitation of burkeite on up to 50%. Such installations are relatively rare, 
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however, and in the overall picture are probably not so economical as a straight 
parallel-flow triple-effect, evaporator. 

Clarification of Evaporated Lime-Caustie Liquor. The solubility of fished salt in 
eaustie soda liquor of about 50% NaOH is not well delineated, perhaps beenuse the 
approach to equilibrium is extremely slow and perhaps also owing to the variable com- 
position of the solid phase. At any rate the solubility is much lower at low tempera- 
tures than at the moderately high temperature of the evaporator (about 100-140°C,), 
For this reason itis necessary to have fairly extensive clarification equupment in caustic 
evaporating plants. his usually cousists of holding tanks, equipped with cooling 
coils, together with quite oxtensive settling tanks and, in some cases, final filters. 
Caustic liquor that is close to the equilibrium with fished salt at 30°C. is satisfactorily 
low in sulfate and carbonate ions. However, in practice blis equilibrium cannot often 
bo reached before it is necessary to ship the product, consequently the solution often 
becomes slightly cloudy in the customer's works, Tor this reason, the so-called 
“polished liquor” is made by cooling, agitating, aging, and filtering at a temperature 
somewhat below the usual room temperature, 

The quantity of the solid fished galt varies over a fairly wide range, but in a plant 
"rrying the uormal sulfate-(o-carbonate ratio it averages about 285 ih. (dry basis) 
per tou of salable caustie. The salt: is removed hy a combination of decantation or 
thickening and filtration, and is reeyeled by washing and dissolving, the washings being 
added to concentrated or semiconcentrated liquors and the solution to the caushicizing 
cycles; it is therefore important to remove as much of the caustic mother liquor as 
possible, and in the most concentrated form possible, in order to avoid dilution. 
Caustie soda not removed from the fished salt is of course not a “material” loss, but it 
represents a definite loss of evaporating work, and ib is also a loss of cansticizing- 
equipment capacity because of the mass-action effeet of the QM ion on the eausticiz- 
ing reaction. Since 50% caustic soda solution is relatively dense and highly viscous 
at the low temperatures found best for precipitating the maximuni amount of fished 
salt, both settling and filtration require especially goad technique. The thickening 
equipment used is usually orthodox, but the filtration equipment is often quite special. 
Continuous rotary filters, either internal or external, are favored over Hlter presses 
because of the much. lower labor requirements. ‘The continuous filters are equipped 
with strong filtrate and washings separation and collecting devices, as well os with 
special cake equipment and repulpers. The fished salt removal problem has been 
greatly simplified in those plants having a sulfur-free fuel in the reburning eyele or an 
extremely low-sulfate-content lime (60). ‘This has a further advantage of giving a 
higher-quality product at lower investment. 

In large modern caustic plauts parts of the clarifieation equipmont that are in con- 
tact with the liquor are usually made of uickel. The nickel is not required for strue- 
tural reasons or for lifespan, but rather to avoid iron contamination, With the excep- 
tion of the filters, the equipment is all reasonably standard, consisting of cone-bot- 
tomed cylindrical holding, agitating, and sedimentation vessels, except that often. the 
bell-type decanter is used for the “final” clarification, The last clarification takes 
place in the storage tanks. 


STORAGE AND SIUPMENT OF CAUSTIC LIQUOR 


In all caustic soda plants, especially lime-caustic plants, it is difficult to accelerate 
or docelerate the operations to follow the minor variations in shipping schedules. This 
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is on aceount of the large number of settling and sedimentation vessels in both weak 
aud strong liquor circuits, for the underflow and overflow strearns obviously become 
out of balance whenever there is a rate change. Thus it is common in modern large 
caustic plants to have fairly extensive storages for the product. These storages do not 
differ in any essential respect from normal storages for a liquid product. In modern 
practice, it is of course important to minimize or eliminate iron contamination, and 
for this reason the tanks are either nickel-elad, or, more frequently, coated with a 
specially devised caustic-resistant paint, usually of a rubber, polystyrene, or ethyl 
cellulose base. In addition to the antifouling feature, caustic storages also require 
special provisions for occasional removal of the very slowly accumulating last traces of 
settling impurities, This means that the product is not taken off of the very bottom of 
the tank but a small distance above, and means are provided on tanks for occasionally 
washing out the sludges in the bottom. 

50% caustic soda is shipped exclusively in tauk ears or, sometimes, tank barges. 
The most common sizes of cars are 8000 and 10,000 gallons, representing about 26 and 
32 tons of equivalent sodium hydroxide. Most caustic manufacturers own fleets of 
tank cars but in America there are also uw number of tank-car-operating companies 
that lease ears to the manufacturers, Car tanks for high-quality caustic have to be 
protected to minimize iron contamination in the same manner as the storage tanks. 
On the whole, it appears that niekel-clad vessels for caustic soda liquors, at 50% and 
moderate temperatures, are unable to compete with the painted vessels. 

Since canstic soda at 50% concentration becomes extremely viscous and even 
freezes (or “sludges’’) at winter temperatures, the tank cars must be equipped with 
some special devices to meet lhis situation. It was formerly common practice for all 
50% NaOH tank ears to contain steam coils, which the customer connected a few 
hours before unloading. There was some hazard in the operation of these coils—a 
broken coil might drain the car dangerously at a time when it was being connected up 
for steam—and it is hard ta maintain a good coating of a resistant paint on the iron 
surface of & steam coil. Modern practice is to insulate the car so heavily that the 
product is still liquid when reaching the customer’s plant after the longest cold trip. 
The insulation is usually about eight inches of rock wool. Before loacing, caustic cars 
are thoroughly washed out with hot water and the condition of the lining and all safety 
parts are inspected. Caustic tank cars are usually filled on track scales. 


CONCENTRATION BEYOND 50% 


In America an increasing amount of caustic soda is reaching the market as 70 and 
74%, hot caustic soda solutions in heavily insulated tank cars, and a steadily decreasing 
amount is reaching the market in the anhydrous state in 700-lb. drums. Formerly a 
very large part of the product was shipped in the anhydrous condition, because tank 
cars had not yet been sufficiently developed for its shipment, and because consumers 
large enough to use tank-car lots were relatively few. Today the anhydrous product is 
used mostly in flake form for special purposes and the fused solid anhydrous is used 
principally for the export market. The 70 or 74% solution, usually called “high- 
concentrated liquor," is prepared in steam-heated evaporators, and that part of the 
product that is not shipped is used as feed for the anhydrous operation. Many caustic 
plants do not make a 70 or 74% product for shipment, but feed the 50% or 40% solu-. 
tion directly into the cast-iron pots for making the anhydrous product. 

High-Concentrated Liquor (70-74%). Production of high-concentrated liquor is 
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a relatively simple operation. The raw material is clarified salable 50% caustic liquor, 
and it is usually evaporated in single-effect, moderate-pressure, natural-circulation 
evaporators. Nickel heating surface is required, bath for reasonable life and to avoid 
iron contamination. 

Tron is taken into solution fairly rapidly in hot 70% caustic solution: even nickel 
goes into solution more rapidly than desired for high-quality produet so that some 
evaporators are electrolytically protected to inhibit solution of nickel. Control of the 
operation is usually on the basis of specific gravity and temperature of the discharging 
stream. Feed liquor and steam pressure are regulated to control the desired produc- 
tion rale. 

No significant amount of impurities precipitates out on concentration to 70 or 
74%. The product from the evaporators is therefore ready for shipment directly, and 
is stored and londed in much the same way as 50% caustic liquor. 

Anhydrous Caustie. Commercial anhydrous eaustie soda is made by concentrat- 
ing the 50% ον 70% solution in large cast-iron pots over a direct fire. The operation is 
usually batehwise, the pot eycle being from four to six days, The pots are usually of 
from 12 to 18 tons of caustic soda caparity per batch, and are more or less hemispherical 
in shape. The best pots have a cycloidal bottoin and a fairly long cylindrical tangent. 
The pots arc mace of cast von about 3 iu. thick, and m view of their size and the severe 
demands upon them in the way of corrosion and heat transfer, thoy represent a high 
development of the foundry art. Pots cast in an ordinary iron foundry have a much 
shorter life than the present pots made by experts in this Geld. The aperation of eon- 
tinuous pots in a cascade has been studicd extensively in.America, and has actually 
been put to use over a period of years by the Deutsche Solvay Werke at Rheinberg in 
Germany. The advantuges of a continuous pot system are somewhat doubtful, and 
since the anhydrous product is in any case on the decrease, it is unlikely that anything 
but the intermittent pots will have an important commereial aspect. 

Good operation of caustic pots requires a more consummate skill, on the part of 
the operator, than any of the other operations in a caustic plant. This includes the 
firing, but more especially the final so-called “shading,” which i& deseribed beyond. 
At the beginning of the cycle the pot is filled with 70% liquor, and the fire is started 
and brought up to a point where a gentle boiling proceeds. As the level falls, 70% 
solution is again fed im, and the stream is accurately controlled to maintain level, and 
the fire is regulated to maintain the rate of boiling. Some caustic impurities cause 
considerable foaming trouble, so that regulation of the fire is extremely important. 
A pyrometer is immersed in the charge, and the rate of boiling is controlled. During 
the first part of the cycle the temperature gradually increases and the liquor feeding 
rate gradually decreases until a temperature of ubout 375-400°C. is reached. The feed 
is then cut off and the fire continued under careful control, until the charge temperature 
reaches 500-510°C. The pot is then covered, the fire put out, and draft doors on the 
furnace closed. The charge then cools slowly until a temperature of about 400°C. is 
reached, during which impurities settle to the bottom. The lid is then removed and 
the contents are baled directly into 700-lb. standard drums on scales, or else into the 
Yasin of a flaking machine and the flakes are then packed in 400-Ib. coutent druma. 

Just before baling commences, the contents of the pot are "shaded." An ex- 
perienced operator learns to judge the presence and concentration of impurities in the 
liquor hy its color on à paddle. Based on these indications, he adds either elemental 
sulfur in small amounts or some oxidizing agent like sodium nitrate, also in very small 


ALKALI AND CHLORINE 425 


amounts, shortly before the end of the settling. This gives a whiter and purer product, 
and is an art, widely and successfully practiced, although the science underlying it is 
not clearly understood. Presiunably the particles of nickel, iron, and other heavy 
metal oxide are dispersed through the charge at the end of the boiling period and, due 
io their semicoUoidal condition, do not settle readily without very slow cooling aud 
some extra oxidation. An experienced operator can almost approach reagent-quality 
austie i£ he has high-quality 7095 liquor to start with. Reagent-quality caustic is 
usually made in small specialty houses by means of concentration in silver apparatus. 

The inypurites in the charge, which sink to the bottom of the pot preparatory to 
baling, are separately baled to a special dissolving tank, from which the relatively 
strong caustic solution is returned to the causticizing cycle. These “bottoms” repre- 
sent some 5 to 10% of the caustic fed to a pot charge and, due to the small proportion 
of anhydrous caustic relative to 50% and 70% liquor, generally require no special 
disposal of the iron impurity. This settles out etther with the lime muds or with the 
ultimate fished silt from the storage tanks. The fuel coustimption of the dehydrating 
operation is about 0.4 ton of coal per ton of salable caustic soda in fairly good practice, 
and a pot will have a life of anywhere from 100 to 1000 charges, depending on many 
factors. Probably the most important of these is the quality of the pot, and the next 
most important is the precision with which the heating is regulated. Nutural-gas 
furnaces are much more easily regulated with high precision than any other, and ultra- 
modern furnaces using this fuel have achieved pot lives of over 1000 charges. With a 
stoker-fired coal burner, a life of 800 charges might be considered average, 

Flaked caustic soda is made directly from the molten product by freezing it on a 
rotating, water-cooled, cast-iron drum and then mildly crushing and finally screening 
the product directly into steel drums, which usually hold about 400 lb. A small part 
of the product is shipped in smaller size drums. 

Ground caustic soda is made by crushing and grinding the solid or flake product, 
screening, ald packing it in steel drums. Most ground caustic soda is made by inde- 
pendent packers of housebold and farm “lye.” 


High-Quality Caustic Soda 


The consumers of caustic soda, probably more than consumers of other chemicals, 
have been increasingly exacting in their demands for high-quality product. Figure 31, 
which shows the rate of growth of the uses of caustic in America since 1928, indicates 
amore than average growth for bands 2, 4, and 11, which represent most of the high- 
purity caustic. By far the most rapidly growing consumer of caustie soda has been 
the viscose-rayon industry, which, in its extremely rapid growth, has had many in- 
ternal operating problems to solve. Many of these difficulties were traced to varying 
concentration of impurities in the caustic soda, and consequently the caustic soda pro- 
ducer was hard-pressed to improve his product. The first high-quality caustic, tbe so- 
called “Castner mereury-cell material” {rom Niagara Falls, was very much in demand 
in the carly days of the rayon industry and, 10 meet this competition, all other pro- 
ducers began to produce what were known as special grades of caustic. There’are two 
- general methods of producing pure caustic: the first is to separate out the impurities; 
the second is to manufacture it with meticulous eare to avoid all input of impurities, 
Karly efforts to crystallize caustic from its mother liquor beloug in the first category, 
and so does the potentially important method of purifying diaphragm-cell liquor with 
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liquid ammonia as mentioned above (6). On the other hand, the production of mer- 
cury-cell liquor and the special qualities of lime caustic belong in the second category; 
this category is at present by far the mast widely practiced. 

In an ordinary lime-causticizing plant including a reburniug cycle, the "Time 
body” ean be kept substantially constant and the lime make-up required will be ex- 
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Fig. 31. Principal uses of caustic soda (5). 


tremely small. Under these conditions the lime body gradually purges itself and be- 
comes extremely pure. Irom then on, the production of high-quality caustic involves 
ouly using a fuel in reburning that does not contaminate the lime, and meticulous care ` 
at every point to avoid input of any objectionable contaminant, This is done by using 
nickel apparatus in the caustic circuits, high-quality brick in the reburning kilns, and 
gaseous fuel or oil fuel. 

The results of the efforts of line-canstic manufacturers are evident in the first 
three columns in Table XV, which show a marked reduction in the “earth” impurities. 
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Probably a comparable improvement has been shown in all of the heavy metal impuri- 
ties, but earlier commercial caustic was not analyzed for all these elements. Table XV 
also shows a “rayon-quality” specification and, although there is no formal spevifica- 
tion for such eaustie, the table shows average concentrations that have recently been 
accepted by the rayon industry. Some impurities, such as salt and iron in the concen- 
tration reaching Lhe market, do uo particular harm in the rayon process, but are 
objected to because they vary in amount rather than because they are present, 
Sodium chlorate present in untreated diaphragm-cell liquor is objected to principally 
because the liquor is then more prone to pick up heavy metals from its containers and 
pipe lines. 


TABLE XV. Analysis of U.S. Commercial Caustic Sodas. 


























Lime plants (5097, liquor) mu Mercury- „hual 
Constituent. I——- -- ------- disphiragm- cell 50% | Anhydrous quality" 
1020 1930 ια | EDR Me | quer specification 
NaOH, per cent | 47.0 49.0 50.0 50.0 50.0 08.5 50.0 
NasCO;, per cent 0.12 0.12 0.10 0.65 0.1 0.60 0.20 
ALO, por cent | {6 gp9 | fy og | 0.008. | 0.001 | 0.0000 | 0.0005 | 0.003 
Pe)05, por eent ` ᾿ 0.0008 0.010 0.0008 0.0015 0.0005 
NaCl, per cent 0.28 0.25 0.14 1.0 0.1 0.80 0.15 
NaSO, per eent 0.12 0.10 0.04 0.2 0.01 0.25 0.07 
SiO», per eeut 0.20 0.15 0.014 0.02 0.01 0.25 0.015 
CaO, per cent lo 007 | {9.906 90020. 0.004 0.0016 0.004 
MgQ, per cent U' ᾿ 0.0012 0,0002 | 0.0008 0.004 “Clear?! 
BaO, per cent — — — 0.0015 Nil — 
Cu, per cent — — 0.00004 - 0.00002 — 0.00005 
Ni, per cent — _ 0.00001 -— — — 0.00002 
Mn, per cent --- — 0.00004 — 0.00003 — 0.00005 but. 
"uniform? 
NaClOy, per cent -- | = — 0.30 Nil — "Dow" 














Undoubtedly the very purest caustic will continue to come from carefully operated 
mercury-cathode electrolytic cells using distilled water in the amalgam deconiposer 
chamber, Jlowever, inercury-cell caustic is not likely to grow to great importance in 
the American caustic picture in the near future. The rayon industry is now satisfied 
with the high-grade lime caustic, and its total demand for alkali greatly exeeeds the 
potential eapacity of caustic as coproduct of chlorine without extensive replacements 
of existing high-efficiency cells. Both the high-grade lime caustic and high-grade 
electrolytic caustic are today so much purer than & decade or two ago that it would 
appear that there is insufficient urge to adopt the disadvantages of mereury-cell opera- 
tion merely for the small purity advantage. Tndeed, there is hardly any doubt that 
tank-car lots of caustie made lor the rayon trade, both lime and mercury electrolytic, 
are purer (except possibly for ealeium and magnesium) than was the so-called *ehemi- 
eally pure" laboratory rcagent of a few decades ago. 

Tn spite of the extra production cost to achieve such high quality of product, the 
price has been substantially constant in recent years (Fig. 32). Most purchasing und 
sales efforts in the caustic soda field are now on the basis of purity and factors such as 
regularity and promptness of service. 


Uses and Future Prospects 


Figure 31 gives a survey of the uses of caustic soda. The viscose process for rayon. 
(see Rayon) is the largest single consumer of caustic, followed by "chemicals," soap 
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(g.9.), aud petroleum (g.2.), m that order. The textile industry uses caustic for kier 
boiling, bleaching, mereerizmg, seouring, dyeig, ete, Caustic bas multitudinous 
applications as a chemical reagent, particularly in the production of organic chemicals, 
while the paper, leather, rubber, glass, explosive, paint and varnish, mining, aucl 
numerous other industries utilize it to 
n lesser degree, 

Figure 32 shows the price of caus- 
tie soda from 1916 to 1046. It will he 
noted that it has been remarkably 
stable in spite ol the complexities of the 
competition between lime and electro- 
lytie liquors, and. the. offeets of. wars 
ancl inflation. — Menmiwhile the. quality 
of the product bas been vastly improved 
over this period, so that the industry 
can be justly proud of its service to the 

Dus 1526 1925 1930 1935  1»0 1s  furtheranee of civilization. The in- 
YEAR dustry is now probably at about the 
Fig. 32. Price of caustic soda in U.S. midpoint of the struggle between elec- 
trolytie caustie and lime caustic, and 
chlorine is past the midpoint of its typical-growth curve; eonsequently the compe- 
tition hetavecn the tivo sources of caustic is approaching some degree of stability. It 
therefore seems unlikely that there will be any striking change in the relationship 
between lime and eleetrolytie egustie, or that any new or radically different process will 
cut into the present two important processes. It is much more likely that the quality 
of both kinds of liquor will continue to improve, and that the price “in terms of 
conumedity values” will continue to decrease. 

On the whole, it can be expected that. the industry will in the near future enjoy a 

continued and reasonably stable growth parallel with the rest of industry. 


5 


P 


PRICE, dollars per 100 fb. 
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ALKALI METALS AND ALKALI METAL ALLOYS 
Lithium, 431; Sodiun, 435; Potassium, 447; Rubidium, 451; Cesium, 453. 


The alkah metals are lithium, sodium, potasstum, rubidium, and cesium. These 
elements belong to the main subgroup of group I of the periodic table and are univalent 
and electropositive. The name alkali metals is given to the group because the metals 
form strong alkalies and can be produced from these alkalies. The metals have similar 
properties, which change gradually with the increase in atomie weight [rom lithium to 
cesium. This change in physical properties is illustrated in Table T. 


TABLE I. Physical Constants of Alkali Metals. 


Element 























Atomie weight Density at 0°C. Rap, °C 
Lithium | 0.584 13364 
Sodium i 0.9721 802 
Potassium | 0.850 774 
Rubidium i 1.58 2090) 606 
Cesium | 1.903 870 





e This value is given by Osborg (12); A. R, Gordon (J. Chem. Phys., 4, 100, 1986) gives 1320° 
and K, K. Kelly (U.S. Bur. Mines Bull., 383 112, 1935) gives 1372?C. 














These metals are very reactive chemically and their activity increases with in- 
creasing atomic weight. Despite the fact that the metals closely resemble each other 
in many respects, there are some notable differences in chemical properties. Lithium, 
although similar to other members of the group in many of its properties, resembles 
maguestum and the alkaline earth metals of group IT in some respects. This similarity 
of the first member of a family to the next group of the tahle also occurs elsewhere in 
the periodie system. 
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Sodium, the most important alkali metal, is the only one produced cheaply and, 
therefore, is used in large quantities. During the years 1930-1940, lithium production 
and uses inereased to make it second in importance. Because of their expensive and 
diffieult production, potassium, rubidimn, and cesium are less important. See Lithium. 
compounds; Sodium compounds; ete., for the salts of the alkali metals, and Alkali and 
chlorine industries for the manufacture of sodium hydroxide and sodium carbonate. 


Lithium 


Lithium, the first member of the alkali metal group, derives its name and the 
chemical symbol, Li, from the Greek word lithos, meaning stone. The atomie number 
of lithium is 3 and its ntomie weight is 6.940, Tt has a valence of one and forms a 
univalent positive ion. 

The oxistence of lithium was first discovered in 1817 by August Arfvedson, a Swedish scientist, 
while he was analyzing Uhe mineral petalite, au aluminium lithium silicate, Ue isolated a sulfate that 
behaved similarly to an alkali sulfate but that cid not give the typical reactions for sodium, potassium, 
ov magnesium. Le found the carbonate scarecly soluble in water, and concluded that he had dis- 
covered a new alkali clement (10). In 1818 Sir Tlumphrey Davy isolated a minule amount of the 
metal by the clectrodecomposition of lithinm oxide, and a year later Gmelin detceted its character- 
istie orange-red flame color. Tn 1825 Berzelius detected its presence in mineral water, and in 1854 
Bunsen and Matthiessen prepared it by the electrolysis of the fused chlorido. 

The first use of lithium ona commercial basis eame toward the end of World War T 
when Metallgesellschaft A.-G. used à small amount of the element in an aluminum- 
zinc alloy. Since then it has been used on a larger seale as a hardener in lead-base 
alloys. Commercial production of lithium in the United States has been important 
only since 1930. Lithium’s chief application is in metallurgy and in the manufacture of 
certain lithium compounds. 


PHYSICAL AND CHEMICAL PROPERTIES 


Lithium, a white metal with a silvery luster, is the lightest of the normally solid 
elements. It remains untarnished in dey air, but, when cut in moist air, the surface 
becomes yellow. In very thin layers it is translucent. Lithium is harder than the 
other alkali metals hut softer than lead, while its ductility is about the same as that of 
lead. It exhibits properties similar, not only to the other alkali metals, but also to 
some extent to the alkaline carth metals (4), Lithium erystallizes in the body-centered 
cubice system. 

M.p., 186°C; b.p., 1336°C.; density at 0°C., 0.534; vapor pressures at 
various temperatures are: 








Vapor pressure, Vapor pressure, 
Temperature, °C. mm. le Temperature, °C. mm, Ig 
935 17 1035 57 
988 85 1080 94 





sp.heat at 0°C., 0.7951 cal. per gram; average sp.heat (0-157*C.), 1.3215 eal. per 
gram; heat of fusion, 32.81 cal. per gram; heat of vaporization, 5060 cal. per gram; 
clectrical conductivity at 0?C., 11.7 »« 10* ohm-! per em.; characteristic spectrum 
lines, 6708 A, (ved), 6108 A. (orange) (4,5,10). 

Lithium is soluble in liquid ammonia, forming a blue solution. It is also soluble in 
methyl- and ethylamines but not in higher amines (5), Lithium dissolves in, and 
alloys with, many metals. 
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Lithium is similar to sodium and potassium iu its chemical properties, although it 
is less reactive. It combines with hydrogen readily at between 500 and 800°C., form-~ 
ing à rather stable hydride, LiH (5). Even at ordinary temperatures, it reacts with 
nitrogen to form a black nitride, LisN (4,5). Lithium does not react with absolutely 
dry oxygen, but in the presence of traces of moisture it is easily oxidized to hthium 
monoxide, LO. At 200°C. lithium ignites in air or oxygen giving a bright light and 
forming the monoxide and a small proportion of the peroxide, LijOs (4). In this respect 
lithium is different from the other alkali metals, whieh form peroxides readily. With 
water lithium evolves hydrogen, but less actively than the other alkali metals. Neither 
the liberated hydrogen nor the metal ignites. Lithium amide, TINE, is formed by 
reaction with aminonia. Carbon dioxide reacts with lithium only at high temperatures. 
Lithium combines readily with the halogens at clevated temperatures, emilting light. 
In general it: reacts violently with the inorganic acids, hut cold concentrated sulfuric 
acid attacks it very slowly. Lithium reacts wilh mereury alkyls or aryls, forming com- 
pounds such as lithium methyl, LiCHs, or lithium phenyl, LiCl These alkyls and 
aryls are also formed, together with lithium halides, by the reaction of Iithium with 
organic hatides (5), 


OCCURRENCE 


Lithium is widely distributed throughout the earth’s crust. About 0.004% is pres- 
cnt as the silicate, phosphate, Nuoride, and chloride in the lithosphere, hydrosphere, 
and atmosphere of the earth (10). It is found in mineral waters, soil, human and 
animal organisms, and in the ashes of plants such as cocoa, tobacco, and seaweed. 
Its presence in the sun’s atmosphere has been established. The greatest lithium de- 
posits occur in the U.S., in the states of California, South Dakota, New Mexico, North 
Carolina, and Maine. Germany, Canada, Czechoslovakia, Spain, ancl South Africa 
also have & large reserve of lithium ore (10). Lithium occurs in small amounts but in 
many minerals, ihe most important of which are shown in Table TI (5). See also 
Lithium compounds. 


Mineral 


TABLE If. Some Lithium Minerals. 











Composition 
Cryolithionite....... esee esses Nas higAleF 2 
Amblygonite... anaua ee eee LIAIPO4 E OH) 
Triphylite (ithiophylite).....0.0.0...00..008.. Li(Fe, Mn)PO, 
Spodumenv (triphane)....... 66. ee Li ASIO)» 
Petalite.. i.oa enearo rearea araro LIANSi Oa) 
πο πμ. eee eee LiAISIQ, 
Miens (g.v.) 
ο ο”... K(Li, ADa(Si, ADSi;01.0(0H, F)o(approx.) 
ὑπ πμ eee eee Kiel Al) (AISI) Ow (OH, F)e(approx.) 





In 1944, the highest recorded domestic production of lithium minerals was of 
spodumene, amblygonite, and lepidolite, and of lithium phosphate, which was pro- 
dueed from Searles Lake brines (2). 


MANUFACTURE 


Lithium is produced commercially by the electrolysis of fused lithium chloride. 
In 1893 Guntz suggested the first practical bath for this electrolysis, The addition of 
potassium chloride to the fused lithium chloride reduced the melting point of the bath, 
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making commercial production feasible (5). Modern commercial installations employ 
a lithium chloride~potassium chloride electrolyte, using anhydrous lithium chloride of 
high purity. Special care must be taken in the choice of materials for the cell and the 
cleetrode, as both fused lithium chloride and lithium are very reactive. With an 
ampere yield of over 90%, modern eclls produce a lithium yield of over 95% based on 
the chloride input. Lithium of 99.5% purity can be obtained by using a bath com- 
position that has a melting point low enough to avoid a metal fog, by preventing con- 
tact with nitrogen and water, and by keeping the bath free of multivalent ions (10). 

Lithium also has been produeed ou a noncommercial scale by chemical reduction, 
for example, magnesium reduction of lithium hydroxide and caleium reduction of 
lithium chloride (6). Production of lithium by magnesium reduction of lithium oxide 
in a vacuum at temperatures of 750-900°C. has been patented (13). 

Prices and Grades. Since 1030 U.S. prochiction of lithium has greatly expanded. 
However, actual production figures are not available. Trom 1932 to 1941 lithium sold 
for $15 to $20 per lb. In 1945 this decreased to $12.50 per lh, for government orders 
and for commercial orders of over 10,000 1b. Smaller commercial quautities still sold 
at the prewar price. 

Only one grade of lithium, 98-99%, is on the market. It is available in three 
forms: sand aud globules in suitable particle size ranges, wire ol t/yiu. diameter in 
reels or 61/;-in. lengths, and in 800-gram billets. Air-sealed containers ure used, and 
the metal is immersed in or wetted with kerosene. It is elassifiec as a dangerous chem- 
ical requiring a yellow shipping label. 

Safety Factors. Although classified as a dangerous element, it is not necessary to 
observe the same precautions with lithium as with the other alkali metals. At room 
temperature the metal can be handled as easily as calcium. It can be handled easily 
up to 200°C. in an inert atmosphere such as paraffin vapor (10). As stated previously, 
it reacts readily with water, but neither the hydrogen nor the metal burn spontane- 
ously. It reacts slowly with the atmosphere and, if sufficient moisture is present, re- 
acts with the nitrogen to form the nitride. 


ANALYSIS 


The lithium ion ean be detected by precipitation of the insofüble lithium phos- 
phate or fluoride, and confirmed by the carmine-red color that its salts impart to a 
flame when observed through a cobalt-glass color screen. The preseuce of lithium may 
also be confirmed by the bright red band and faint orange line of its flame spectrum. 

Quantitative determination is based on the fact that lithium chloride is soluble in 
amyl alcohol or à mixture af alcohol and ether saturated with hydrogen chloride, while 
the chlorides of sodium and potassium are not soluble. | After separation of sodium aud 
potassium chlorides, the lithium chloride is converted to the sulfate, dried, and weighed. 


USES 


One of the ehief uses of lithium is i the preparation of somo of its compounds 
such as lithium hydride, which beeame important during World War II as a sonrce of 
hydrogen for aerial balloons used in air-sea rescue work (1). Lithium borohydride was 
also suggested for this purpose. See Lithium compounds; Pcroxides. 

Lithium is also finding use in organic syntheses. Lithium alkyls and aryls are 
easily obtained and are very reactive. They undergo reactions similar to the Grignard 
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reaction (q.v.) and are superior to the Grignard reagents in intensity of reaction and 
diversity of reactivity (5). 

Lithium may be used in removing nitrogen from helium and other gases (10). 
It has also been used as a “getter” to remove traces of gases from vacuum tubes (9), 
and as a degasifier, desulfurizer, and deoxidizer for molten metals (10). Lithium metal 
has proved useful in the fixation of nitrogen by the are process; the presence of lithium 
in the copper electrodes increases the yield of nitric oxide and reduces the voltage (10). 

The major use of lithium and its alloys is in the field of metallurgy. In general, if 
lithium is added to a metal or alloy, the metal is hardened and its matrix is strength- 
ened; however, embrittlement occurs. Hf the amount added exceeds the solid solu- 
bility of lithium in the metal, precipitation and age hardening oceur. 

In the case of magnesium or magnesium alloys, the addition of 0.05% lithium in- 
creases the tensile strength, hardness, and corrosion resistance of the metal, but 
slightly reduces the duetility. 

The effect of the addition of lithium to aluminum or zine alloys is similar to that 
produced in magnesium alloys. If the aluminum alloy contains silicon, the effect of 
lithium addition on the hardness is greatly increased. Scleron, an alloy developed in 
Germany, has properties like mild steel or brass and is reported to be superior to 
duraluminum in many respects. A typical composition of & Selerou alloy is: Al, 
88%; Zn, 12%; Cu, 2%; Mn, 0.5-1%; Fe, 0.5%; Si, 0.5%; Li, 0.1% (10). Binary 
aluminum-lithium alloys of high lithium content are not used industrially since they 
are pyrophorie, 

The addition of 0.05% lithium to lead improves the casting and increases the 
toughness, hardness, and tensile strength of the metal, whileits ductility is not affected. 
The resulting alloy has a fine-grain structure and reerystallization is retarded. — Lith- 
ium-lead alloy bus been suggested as suitable for eable sheaths (14). 

Lithium also is an essontia] ingredient in the German lead alloy, *B metal," a 
bearing metal. Besides lead and lithium, this alloy eontains small pereentages of eal- 
cium, sodium, potassium, and aluminum. The lithium imparts hardness at high tem- 
peratures, high resistance to deformation, aud satisfactory wearing qualities to the “B 
metal" (10). A lithium—beryllium alloy used tu aircraft parts has been produced, 
which is extremely light, fairly hard, and hus a fair permancnce. The beryllium pro- 
tects the lithimn against corrosion. 

Silver-copper-zine alloys used. as solders are also improved by the addition of 
lithium. Addition of 0.12% of lithium increases the fluidity, wetting, tensile strength, 
and eross-breaking strengths of the solder (6). A similar alloy containing nickel and 
lithium: is recommended as a brazing alloy. 

Lithium is used in the refining of molten metals such as iron and copper and their 
alloys (7). For this purpose a lithium-caleium alloy is preferred. The so-called 
"master alloys," consisting of lithium and the metal to be treated, have been used for 
this purpose also. The lithium alloy is added to the molten metal or alloy in the fur- 
nace or ladle just before pouring. The lithium alloy reacts with oxygen, hydrogen, 
nitrogen, carbon oxides, sulfur, sulfides, sulfur dioxide, silicates, ete. Products are 
formed that are liquid and nonviseous below the ponring point of the metal or alloy be- 
ing treated, The treated metals show marked improvement in physical properties 
(3,10). Gray east iron, after lithium treatment, possesses improved tensile strength, 
hardness, machinability, and more uniform dispersal of the graphite in the iron. When 
nickel alloys, such as Monel metal, are treated with a lithium alloy, the fluidity, elonga- 
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tion, and tensile strength of the alloy are improved. An oxygen-free lithium-copper, 
produced industrially by treatment of copper with a lithium alloy such as 50-50 lith- 
inm-valcium, is high in density and has a high electrical conductivity. Lithium- 
treated bronzes of high conductivity have also been produced, 


ALLOYS 


Lithium forms alloys with many metals. In general its solid solubility is greater 
than that of the other alkali metals. The melting point, hardness, and. brittleness of 
the alloy increase as the lithium content increases. The uses of these alloys were dis- 
cussed in the previous section. , 

Three methods are used to produce lithium alloys (10). The first consists of 
melting and mixing the components, as may be done with lead, zine, cadmium, and 
aluminum. The secoud method consisis of electrodepositing the lithium on and into 
the other component, which, in a molten state, serves as the cathode. A fused salt hath 
that contains lithium chloride as electrolyte is used. This method is used for low- 
melting metals such as lead, zine, or tin. The third method, applicable to the more re- 
active elemeuts such as the alkaline earth metals, consists in codepositing the lithium 
and the metal [rom a fused halide bath. Lithium does not alloy with the other alkali 
metals with the exception of sodium, in which it has limited solubility. Lithium alloys 
with beryllium, calcium, barium, and magnesium, forming a compound in the case 
of magnesium. Industrially, lithium~calcium alloy is the most important of these. 
50-50 and 30-70 lithium-ealeium alloys are prepared commercially by the electrolysis 
of a fused mixture of lithium chloride and calcium chtoride (10). The alloys are 
silvery white with a metallic Inster and are hard and brittle. Their melting range is 
from 230 to 260°C. These alloys react more slowly with the atmosphere than pure 
lithium does. 

Lithium alloys also with cadmium, zine, mercury, aluminum, silicou, bismuth, 
tin, lead, thallium, and silver, with varying solid solubilities but. with compound 
formation in all cases. No alloys are known with the metals of the iron or platinum 
groups. 


Sodium 


Sodium is the second element of the alkali motal family. The chemical symbol, 
Na, is taken from the Latin and German name for sodium, natrium, which is derived 
from the name of one of the principal compounds of the metal, soda or natron, that is, 
sodium carbonate. The element has an atomic number of 11 and an atomie weight of 
22.997. It has a valence of one and forms a univalent positive ion. 


Sodium compounds, in particular soda and salt, were known and used from very early times. 
Tn the 18th century, Lavoisier considered that the fixed alkalies, whieh included soda, were com- 
pounds, but that the nature of the principals that entered into their composition were still unknown. 
The truce chemical nature of soda was nob known until 1807, when Sir Humphrey Davy, alter having 
obtained potassium from potassium hydroxide, suceeeded in decomposing fused sudium hydroxide 
with a Voltaic cell. Davy named the metal that he obtained sodium. It remaiued a laboratory 
curiosily for about filly years, until &t, Claire- Deville devised a method for its preparation on an indus- 
trial sesle, Ele obtained the metal by heating sodium carbonate, coal, and chalk iu au iron retort. 
Custner in 1890 suceeaded in eleetrolyzing fused sodium hydroxide on à eommereial senle. The 
Castner process (46) is still in use in some places but has been largely replaced by the electrolysis of 
fused sodium chloride, using the Downs cell (62), 
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PHYSICAL AND CHEMICAL PROPERTIES 


Sodium is a soft, waxlike ductile metal of a silvery-white color. However, it 
generally appears gray in air due to the formation of a surface oxide coating, It melts 
to a silvery liquid and boils lo a blue vapor when heated in au inert atmosphere (36). 
The metal is easily eut with a knife or wire, It erystallizes, usually iu the eubie system, 
with a cube edge of about 4.2820 A. 

M.p., 97.7°C.; b.p., 892°C.; densities at various temperatures are: 
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boiling point change per min. change in pressure, 0.153°C.; surface tension in an 
atmosphere of carbon dioxide at 97.7°C., 293.6 dynes per em. Sp.heat: of solid, 
0.293 eal. per gram at 0°C., 0.3266 at 97.7°C.; of liquid, 0.334 at 97.6°C., 0.3369 at 
150°C. Heat of fusion, 27.5 cal. per gram; heat of vaporization at 892°C., 1100 eal. 
per gram; erit. temp., 2000°C.; erit. pressure, 343 atn. ; electrical conductivities at 
various temperatures are: 


Temperature, Electrical vonduetivity, | 
C. 


Temperature, Electrical conductivity, 
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olua ~? per em. ohtn ^! per em. 





100 —— 10.204 
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0 19.81 | 
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Thermal eonduetivity: 0.305 cal. per sec. per sq.em. peor ^C, per em. at. —100?C., 
0.835 at OPC”, 0.270 at 75°C. Principal spectral lines, 5880 A. and 5800 A. (31,36 30). 

From these constants it can be seen that sodium is a light metal, its density being 
lower than that of water. On the basis of unit, volume, its electrieal conductivity is 
exeeeded only by copper, aluminum, magnesium, silver, aud gold (31), and. its heat 
conductivity is exceeded only by silver, copper, and gold (39). 

Sodium dissolves in dry liquid ammonia to the extent of 24.6 grams per 100 grains 
of solvent at —33,35°C. (29). At low temperatures the more concentrated solutions of 
sodium in Bquid ammonia separate into two liquid phases. The more dilute solution, 
which is dark blue in color, appears at the bottom, while above it appears the more 
concentrated solution, which presents a bronze-colored metallic appearance. This sys- 
ton has an upper evitical end point ata temperature of —41.6°C. and a composition of 
4.15 atom per cent of sodium (87). Sodium will dissolve in methylamine but uot in 
other amines (33). Itis insoluble in liquid carbon dioxide and sulfur dioxide. Sodium 
dissolves in mereary, molten lead, tin, and zing, ancl in some other metals to a slight 
extent, forming compounds and alloys (81). These solutions are useful as earriers for 
sodium (sec "Alloys," page 446), Although it is insoluble in hydrocarbons and other 
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inert solvents such as kerosene, mineral oil, and petroleum, sodium will form colloidal 
dispersions in these liquids (see “Safety factors,” page 442). 

Sodium is a very active metal, reacting with many elements and compounds (33). 
In moist air it loses its metallic luster and becomes dull gray in appearance due to the 
formation of a surface crust of oxide. This oxide coating absorbs water sund carbon 
dioxide from the air to form sodium hydroxide and sodium carbonate. When heated in 
dry air, sodium ignites al temperatures near its boiling point and burns with a yellow 
flame, A mixture of sodium monoxide and peroxide is formed by reaction with air or 
oxygen. If the supply of oxygen is limited and the temperature kept under 160°, only 
ihe monoxide is formed. 

Sodium reacts rapidly with water at room temperature to form sodium hydroxide 
and hydrogen according to the equalion: 2 Na -- 2 H0-2 NaOH + Hs. Sufficient 
heat is liberated by the reaetion to melt the sodium. Sodium does not reach with 
hydrogen at room temperature, but between 200 and 350°C. these clements react, 
forming sodium hydride, NaH. Carbon is not attacked by the metal at usual tempera- 
tures, but sodium vapor will react with carbon at 800-900°C., yielding a carbide. 
Nitrogen and silicon do not react with sodinm under ordinary conditions. When 
heated in the abseuce of air, phosphorus and sodium form the phosphide, but in the 
presence of air sodium phosphate, NaPO, is formed with ignition. 

Sulfur, selenium, and tellurium react with sodium with ignition, forming well- 
defined compounds, sodium sulfides, selenides, and tellurides. The reactivity of sodium 
with the halogen family varies. At room temperature fluorine and sodium ignite, while 
the reaction of dry ehlorine and sodium is slight, snd bromine and iodine do not react. 
Molten sodium ignites in chlorine and burns to form sodium chloride. The reaction of 
sodium and bromine is slight at higher temperatures, while iodine and sodium may he 
melted together without substantial reaction. 

Uuder controlled conditions sodnmm reacts with carbon dioxide, forming sodium 

formate and sodium oxalate. Solid carbon dioxide will detonate with molten sodium 
and therefore should not be used ou sodium fires, At 350°C. dry carhon monoxide ancl 
dry carbon dioxide both react with sodium, producing sodium carbonate and carbon. 
Of the oxides of nitrogen, nitrous oxide reacts with sodium to form sodinm monoxide. 
Nitric oxide docs not react with sodium at room temperature, hut sodium burns in 
nitric oxide, yielding the nitrite and hyponitrite (80); at 200°C. sodium peroxide is 
formed. Nitrogen tetroxide heated with sodium yiclds a mixture of the nitrate and 
nitrite. 
Molten sodium reacts explosively with phosphorus peutachloride with the forma- 
tion of sodium chloride and sodium phosphide; phosphorus oxychloride does not react 
with sodium. Carbou disulfide reacts violently with sodium, forming sedium sulfide. 
Sodium and ammonia react on heating and sodamide (sodium amide), NaNHg, is 
formed. Hydrogen sulfide and sulfur dioxide react explosively with sodium. In liquid 
sulfur trioxide a white crust is formed on the metal, whieh prevents further reaction. 

The reaction of dilute acids with sodium is very vigorous, as is that of water and 
the metal. CČoucentrated sulfuric acid reacts less vigorously than the dilute acid. 
Many metallic hydroxides are reduced by sodium to the metal. Anlrydrous sodium 
hydroxide is reduced by sodium above 450°C. to sodium monoxide aud hydrogen. 
Most metallie oxides, with the exception of aluminum, magnesium, and alkaline earth 
oxides, are reduced by sodium with the deposition of the metal. Sulfides, halides, and 
cyanides of most heavy metals are reduced by sodium to the metal. 
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Sodium reacts with orgauie compounds rather vigorously, decomposing many of 
them on heating. Carbon ts deposited and the sodium oxidized. Many oxygeu-con- 
taining orgauie compounds, stich as tartaric acid, gallic acid, tannin, mulin, salieylic 
acid, sugar, and lactose, are decomposed by sodium. Carbon is deposited and hydro- 
gen is liberated. With compounds containing sulfur, sodium sulfide is the decomposi- 
tion product. 

Sodium removes halogens from halogen-containing compounds. In some cases, 
as With the chlorinated hydrocarbons, the reaction is explosive. Amines do not react 
with sodium under usual conditions, but in the presence of catalysts such as copper or 
nickel, sodium replaces one hydrogen atom of an arylamine, Sodium also replaces the 
hydrogen of alkylamines. With hydroxyl compounds stich as alcohols and phenols, 
sodiun replaces the hydrogen of the hydroxyl group, forming an aleoholate or pheno- 
late. Primary aleohols are the most reactive to sodium, tertiary the least, 

Sodium does not attack anhydrous ethyl ether, but higher ethers react slowly. 
Organie acids reach with sodium giving the sali und evolving hydrogen, except when 
they are decomposed. Pure, dry, saturated hydrocarbons, such as benzene, xylene, 
toluene, and mineral oil, do not react with sodium below the cracking temperature. 
Because of this nonreactivity, sodium 1s often stored under these compounds to protect. 
it from air and moisture. With unsaturated hydrocarbons, sodium may add at the 
double bond, may replace hydrogen forming an acetylide, or may cause polymerization. 

Sodium amalgam or sodium and alcohol mixtures are excellent reducing agents in 
organic reductions. Sodium is an important condeusing agent in reactions such as the 
acetoacetic ester and malonic ester syntheses and the Wurtz and Fittig reactions. 


OCCURRENCE 


Sodium never occurs in nature in the frec state owing to its unusual reactivity. 
The earth's crust contains 2.68% of the metal in a combined form. Sodium chloride 
(rock salt), sodium carbonate (soda, trona), sodium sulfate (thenardite or mirabilite), 
sodium borate (borax), and sodium nitrate (Chile saltpeter) are among the simple 
salts found in nature (39), Sea water, salt lakes, alkaline lakes, and mineral springs, 
all contain sodium salts. Rock-salt deposils oecur where salt lakes have dried up (39). 
Many complex minerals contain sodium. 

In the U.S., the salt and alkaline lakes such as the Great Salt Lake in Utah and 
Searles Lake in California are sources of sodium salts. In the East the great rock-salt 
beds of Virginia, New York, and Michigan are important sources of sodium chloride. 


MANUFACTURE 


Sodium may be obtained from its compounds by chemical reduction or by electro- 
lytic methods. Although sodium was first prepared by the electrolysis of fused caustic 
in 1807, chemical reduction of sodium compounds was the principal production process 
for the eighty years following. Since 1890, however, electrolytic methods have been 
dominant, 

Sodium ean be obtained from sodium carbonate by reduction at high tempera- 
tures with carbon in the form of charcoal or coke, finely divided iron, sulfur, aluminum, 
or magnesium as the reducing agent (33). Aluminum and magnesium will also reduce 
sodium chloride. Calcium, calcium hydride, silicide, and carbide also reduce the 
chloride to sodium at elevated temperatures. The action of finely divided iron, ferro- 
silicon, calcium carbide, or coke on fused sodium hydroxide yields sodium (33). Other 


ALKALI METALS 439 


sodium compounds such as sodium silicate, sulfide, sulfate, and cyanide ean also be 
reduced to sodium at high temperatures (33), Sodium can also be prepared by the 
electrolysis of aqueous sodium chloride solution to form a dilute amalgam whieh is 
then used as anode in a fused bath (28,79). 

The electrolysis of fused sodium hydroxide and of fused sodium chloride are the 
most important commercial methods for producing sodium. Sodium has been pro- 
duced in the U.S. mainly by the electrolysis of fused sodium chloride, though in other 
eountries, such as Germany, England, Norway, and Japan, fused sodiun hydroxide has 
also been used. The industrial production of sodium by the electrolysis of fused so- 
dium chloride is attractive since 
sodium chloride is an ideal raw 
material, cheap, and easily avail- 
able. Sodium hydroxide, on the 
other hand, is more expensive since 
it must be prepared electrolytically 
from sodium chloride. The elee- 
trolysis of fused sodium hydroxide 
ix technically simpler than that of 
fused sodium chloride; however, in 
going from sodium chloride to so- 
dium via sodium hydroxide two clee- 
trolytic steps are required, and the 
current efficiency of the second can- 
not exceed 50%, as shown below. 

The eleetrolysis of sodium ehlo- 
ride produces chlorine as acoprocuct 
(see Alkali and chlorine industries). 
If sodium hydroxide is clectrolyzed, 
the chlorine is a coproduct in the 
production of the sodium hydroxide 
from sodium chloride. 

Electrolysis of Fused Sodium 
Hydroxide. The Castner cell for Fig. 1. The Castner cell (27). 
the manufacture of sodium by the 
electrolysis of fused sodium hydroxide, with hydrogen as the second product, was used 
in the U.S. before the development of the Downs cell for the electrolysis of sodium 
chloride, and is still used in some factories abroad. The Castner cell iş so simple in de- 
sign and operation that, in many years of use, only minor changes have been made in it. 

The original Castner cell was patented in 1890 (56). Figure 1 shows asection of a 
large modern Castner cell and the method of mounting it (27). The ring, A, resting on 
the cap plates over the brickwork, supports the iron pot, B, which holds the fused 
caustic. The cover, C, prevents the bath from taking moisture and carbon dioxide 
from the air, An ashestos gasket insulates the cover. The cylindrical anode, D, and 
its support, W, are made of pure nickel, The cylindrical iron tube, F, hangs on 
the small ring, H. These, with the gauze diaphragm, 7 and G, suspended from F, 
enclose the cathode and separate it from the anode. The cathode head, J, and its 
support, K, are made of bronze. The cathode is centered in an iron eylinder, L, and a 
seal is made with frozen bath, which also supports the melt and insulates the cathode 
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from the anode shell. A cover with a small outlet for hydrogen covers the top of the 
‘athode chamber, 

The electrolyte in the Castner ecl contains added sodium chloride to improve its 
clectrieal conduetivity. In addition the caustie raw material cortains sniall amounts 
of both sodium ehloride and sodium carbonate. Therefore the chloride and carbonate 
content increase as the operation ol a cell is continued and finally, when a concentra- 
tion of about 18% sodium chloride and 8% sodium carbonate is reached, it is necessary 
to discard the bath and start with a fresh eharge. The caustic is recovered from the 
discarded bath by dissolving in water, removing the sodium chloride and carbonate by 
known means, and reconeentrating the caustic. 

On electrolysis the reactions are: 


Cathode ᾿ Anode 
4. Nat 4 ie ———— 4 Na 4 OMT — 4e —> 2 1L + O 





The water thus formed diffuses to the cathode, where it reacts with its equivalent of the 
sodium according to the equation: 


9 1190 4- 2 Na ———9 2 NaOH + M 


giving a net change represented by: 
4 NaOH. ———— 2 Na 4- 2 NaOH. 4- IL + Oz 


Since the water reacts with half of the sodium produced by electrolysis, the yield can 
never be more than 50% of the theoretical. Other reactions in the cell may lower this 
yield still more. The hydrogen can be collected from the cathode compartment, if de- 
sired. 

Originally the sudium was removed from the cathode chamber with a perforated 
ladle that retained the sodium aud allowed the molten caustic to flow back into the 
cell. However, mechanical means were later developed for accomplishing the separa- 
tion and removal of the sodium, 

The most favorable operating temperature is 320-330°C. For small cells it is. 
necessary to supply heat to keep the temperature in this range, but in large cells the 
heat of reaction and the heat produced by the current make external heating unieecs- 
sary. 

The cells are connected in series. The voltage across cach cell is 4.5 to 5.0 volts, 
the anode current densily is 150 amp. per sq.dim., and the cathode density is 200 amp. 
per sq.dm, A 1250-ampere cell holding 150 Ib. of caustic produces abowt 10 kg. sodium 
per day. The current efficiency averages about 36% for long periods. 

Various modifications of the Castner cell have been used commercially at different 
times. The Castner-Krebs cell with a hollow cathode was operated in Japan. The 
Castner-Kolkiu cell (55), used in Norway, is larger than the original Castner cell and 
thereby overcomes diaphragm troubles. The Hulin cell (82,53), used in France, differs 
from the Castner cell mainly in the manner of mounting the electrodes. Several firms 
in Germany have developed cells (51) with a contact cathode that is immersed only a 
few millimeters in the electrolyte and thercby prevents loss of sodium through side 
reactions with the bath: 

Electrolysis of Fused Sodium Chloride. In the production of sodium from sodium , 
chloride the rock salt must first be purified. The salt is dissolved in water, treated. to 
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remove calcium sulfate, and filtered. The water is removed in evaporators and the salt 
is then dried. Just before the salt is added to the sodium cells, itis given a second, more 
thorough drying in rotary dryers. 

Many cells have been developed for the electrolysis of fused sodium chloride, but 
the Downs cell has been the most successful. Figure 2 shows the hasie Downs cell 
(62). The anode, A, constructed of graphite or earbon, is inserted through the center 
of the bottom part ol the cell. A eylindrical cathode, B, made of stcel or copper, sur- 
rounds the anode and is connected to the outside through the walls of the cell. The 
cell ix sealed by freezmg the bath around the electrode by water cooling. The shell of 
the ecll, C, is constructed of iron plate and is lined with refractory materials such as 
brick or tile. The dome, D, usually made of iron, serves to collect the chlorine, which 
then passes off through the pipe, E. The sodium is collected by the ring collector, F. 
A diaphragm of wire net, G, is suspended from the dome between the cathode and the 
anode. "he sodium from the collector rises in the riser pipe, M, and passes through the 
pipe, J, into a storage vessel, J. The cell 
may be operated without a cover but, in the 
usual practice, a cover with a Feed hole, 
K,isused. The dotted line, 4, shows the 
level of the bath in the cell. 

The cell actually consists of three 
chambers. The upper chamber, M, is ont- 
side the chlorine dome and above the 
sodium-eolleetiug rig. The other two 
chambers are the chlorine-collecting area, 
N, bounded by the dome and diaphragm, 
G, and the sodinn-collecling area, O.. This 
arrangement serves to keep the sodium aud 
ehlorine apart and thus prevents their re- 
combination. During operation, the chlo- Fig. 2. The Downs cell (62). 
rine rises to the surface of the bath over the 
anode, eolleets in the domo, and passes out through the pipe, Z, under its own pressure. 
Since sodium has a lower density than the electrolyte, it rises and is caught in the ring, 
F, over the eathode. It then passes into the riser pipe, H. A column of sodium fonus 
in the riser and eventually overflows through J into J, The molten sodium is then 
molded into bricks. The bath level is maintained by the addition of salt and the 
electrolysis ig continuous. ‘The surface of the bath usually is covered with a thin 
crust. of crystallized cleetrolyte, which reduces heat loss by radiation. 

Among the other cells designed for the electrolysis of fused sodium chloride, three 
have been operated on a commercial scale. The Danneel-Longa cell (54) was the first 
salt cello be used successfully, World War I, however, stopped the operation of these 
cells and they were not operated again. The cells had no diaphragms but the sodium 
was confined to the cathode area by “salt curtains” (ceramic walls). The Seward cell 
(58,60) was also operated in this country for à short time before World War I. This 
cell used the contact-cleetrode principle with the cathode immersed only a few milli- 
meters in the electrolyte. The Ciba cell (59) was more successful and was used over a 
longer period of time. This cell was an adaptation, for sodium chloride, of the Castner 
cell for the electrolysis of fused caustic. A mixture of sodium chloride with other 
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chlorides, whieh were molten at 620°C., was clectrolyzed in rectangular or oval cells 
heated only by the current. Several cells have heen patented for the electrolysis of 
fused salt with molten-lead cathodes (50,57), The difficulty with this type of cell is the 
separation of the sodium from (he lead. 

Prices and Grades, The market. price of sodium has dropped [rom $2.00 per Ib. in 
1890 to about $0.15 per Ib. in 1946. Based on unit volume, sodium is one of the cheap- 
est nonferrous metals on the market. 

Commercial sodium, 99.95% pure, contains a maximum of 0,040% calcium aud 
0.005% chlorides (as CI). It may have an oxide costing on the surface (17). 

Sodium is usually sold in the form of sticks or brieks of 1, 2.5, 5, or 12.5 Ib. iu 
weight (31). The metal is packed in hermetically sealed tins ov pails protected hy 
wooden cases (31). The large bricks are packed in heavy drums (returnable) equipped 
with removable heads, which may be hermetically sealed to form an airtight and water- 
tight package (31), Socinm is also shipped in special tank cars, of about 80,000-1b. 
capacity that have steel coils welded to the outside surface of the shell through whieh 
cold oil is cireulated to solidify the molten sodium while it is being pumped into the car, 
The air in the cars is replaced by nitrogen before filling. The sodium is shipped as a 
solid, and at its destination hot oil is cirewlated through the coils and the molten metal 
is pumped from the ear (24). . 

Sodium containers should be stored slightly above floor level in dry rooms. The 
containers should not be tiered. The storage room should have no sprinkler system 
and uo water or steam pipes (31). Sodium is classified as a hazardous chemical and 
requires a yellow shipping label. 

Safety Factors (17,24,31). In handling sodium, the violence of its reaction with 
moisture requires first consideration as a safety hazard. On contact with the skin 
sodium reacts with the moisture, giving off heat and producing sodium hydroxide, and 
causing deep and serious burns. To prevent these bums, workers handling sodium 
should be required to wear loose dry gloves, goggles, and spats of canvas, moleskin, or 
rubber. Flameproofed clothing is also recommended. If sodium has touched the skin 
or clothing, it should be thoroughly washed off with aleohol. After the reaction has 
eeased, the alcoholate should be rinsed off with water and then with very dilute acid. 
If a bum has occurred, this first aid treatment should he followed by adequate medical 
attention. 

Sodium, being à very reactive metal, often ignites on reaction, creating a fire 
hazard. This may occur if much moisture is present in vessels or solutions being used. 
Proper drying of apparatus and solvents will help prevent this. If a sodium fire does 
oceur, care must he takeu that water or fire extinguishers containing carbon dioxide or 
carbon tetrachloride are not used, as these usual extinguishers only aggravate sodium 
fires. A sodiuni fire may be easily extinguished by use of the proper methods. The 
best one is to smother the fire or to make the vessel containing the fire airtight. If this 
is not possible, the metal is cooled below its ignition temperatiwe by throwing dry salt, 
dry soda ash, graphite, or iron or steel filings on the fire. If proper precautions are 
taken in handling sodium, it may be used without hazard. The best methods for its 
safe handling are described below. 

Sodium may be eut easily with a kuife. Before and after each use, the knife blade 
should be wiped carefully with a rag liberally dusted with dry soda ash. This prevents 
particles from adhering to the knife. 

Sodium bricks should be melted iu iron pans provided with a bottom drain and 
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with a means of maintaining an inert atmosphere above the surface of the sodium. 
Heat is best supplied by the circulation of hot oil in a jacket er by electrical-resistance 
heaters. Molten sodiuin may he fed into a reaction pot through a regulating valve if 
an inert atmosphere is maintained. In batch opcratious, sodium bricks may be intro- 
duced directly into the reaction system without precautions for the protection of so- 
dium from air. Jn continuous operations, however, sodiunt bricks are introduced into 
the system at fixed intervals through à compartment enclosed by double doors and in 
whieh an inert atmosphere is maintained. 

Finely divided suspensions of sodium in liquid hydrocarbons ure a good means of 
adding sodnum to a reaction vessel. Such suspensions are made by heating sodium and 
the hydrocarbon to 110-115?C. while stirring. The agitation is stopped while the 
temperature is still above the melting point of the sodium to prevent coalescence of the 
particles. Such suspensions, when cooled, may be led to a reaction vessel at any de- 
sired rate (44,48,49). 

Sodium may be transported safely through a plant by pipe line. A standard 2-in. 
iron pipe equipped with an electrieal resistor, whieh is à continuous welded t-im. steel 
pipe separated from the sodium pipe by lava insulators, may be used. The resistor 
furnishes sufficient heat to keep the sodium molten. The assembly is enclosed in a 
double layer of heat-insulating covering. A suitable vacunm at the outlet causes the 
molten metal to flow. A floating supply of nitrogen keeps an inert atmosphere in the 
liue and reecivers at all times. 

Scraps of sodium should be liberally dusted with dry soda ash und stored in a dey, 
airtight container. When sufficient serap has accumulated, a fire is started in a dry 
iron pan with oil-soaked rags, anc the sodium scraps are added to the fire. Funues of 
sodium monoxide are given off and provision must be made to carry off these fumes. 
The fire should be stirred with an iron rod to insure complete oxidation. When cool, 
the ashes from the fire should be pulverized and sprinkled cautiously into water. 


ANALYSIS 


Sodium in its compounds can be detected qualitatively by several methods. It 
can be identified in solution by precipitation of the sodium salt of zine or magnesium 
uranyl ucetate (21). It can also beidentified by theintense yellow color that solutions 
of sodium compounds impart to the fame. This may be confirmed spevtroscopicully 
by the presence of the characteristic sodium lines. This testis extremely sensitive and, 
since very many materials contain traces of sodium salts as impurities, it is not eon- 
clusive evidence of the presence of sodium in any considerable quantity. 

Sodium is determined quantitatively in its compounds by converting to the 
chloride or sulfate and weighing as such, It ean also be precipitated ax, the sodium 
zine urany! acctate or sodium magnesium uranyl! acetate in the presence of moderate 
amounts of other alkali and alkaline carth compounds. 

Metallic sodium enn be determined with fair accuracy by measuring the hydrogen 
liberated ou the addition of ethyl aleohol. 

With a sodium amalgam, the sample can be dissolved directly in a measured 
volume of dilute standard acid. After the evolution of hydrogen, the excess acid is 
titrated with a standard base (88). In this method total alkalinity is caleulatec as 
sodium. Methods for the determination of impurities in sodium niay be found in 
reference (25). | 
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USES 


The preparation of the oxides of sodium from the metal is one of its major uses, 
Sodium monoxide, NaO, is prepared by the controlled air oxidation of molten sodium 
(68). The sodium monoxide is then converted te peroxide, whieh is an oxidizing aud 
bleaching ageul. (see. Perorides). Other peroxy compounds, such as ealetum, mag- 
neskim, and zine peroxides and sodium perborate, avre made from sodium peroxide, 

Sodium cyanide, NaCN, is another important, chemieal produced from sodium, 
In the Castner provess charcoal anc ammonia are added to molten sodium at a tem- 
perature of about 700°C. In the first step of the process sodamide, NaNWa, is formed 
by the reaction of ammonia and sodium. In the second step sodamide reacts with the 
charcoal to form sodium cyananide, NavCNa, whieh reacts with more charcoal to give 
sodium cyanide. Sodium cyanide is used in electroplating, case hardening, fumigation, 
flotation of ores, and extraction of precious netals, and in the synthesis of fine chemi- 
cals, dyes, and rubber aceclerators (see Cyantdes). 

Sodamide (24), made by the reaction of sodium and ammonia as in the Castner 
process for sodium cyanide, is not manufactured and shipped, owing to the danger of 
oxidation on storage. In any chemical process, such as the manufacture of indigo or of 
sodium azide, whieh requires the use of sodamide, itis prepared as part of the process 
and used at once, 

Sodium hydride (34), NaH, is produced by the aetion of hydrogen on liquid 
sodium dispersed either on an inert material or om preformed hydride at 250—300 C, 
The use of a surface-active or dispersing agent is important for complete reaction, 
The hydride can be used in place of sodium in some organic reactions, for example, 
Claisen condensation and aectoncetic ester synthesis, Sodium hydride used in the de- 
scaling of metals is prepared in the descaling bath from sodium and hydrogen, 

Qne of the more inportant applications of sodium in organie synthesis is the 
preparation of dyes and dye intermediates. In the synthesis of indigo, the sodium or 
potassium derivative of. phenylglyeme is fused with potassium hydroxide or sodium 
hydroxide or a mixture of the two in the presence of sodium or socamide, Tho fusion 
product, sodium indoxyl, is dissolved in water, hydrolyzed, and oxidized with air to 
indigo. Triphenyhnethune dyes are prepared by treating tetraalkyldiaminodiaryl 
ketones sueh as tetramethyldiaminobenzophenone with sodium and an aryl halide such 
as chlorobenzene in a hydrocarbon solvent. 

Sodium is involved in many reactions in the preparation of drugs and pharma- 
eentieals. Barbiluri¢ acids (g.v.) are prepared by the condensation of substituted 
malonie esters with urca or a thiourea in the presence of sodium in aleohol. For ex- 
ample, v-butylethylbarbituric acid is obtained by condensing n-butylethylmalonic 
ethyl ester with urea in the presence of sodium in absolute alcohol, by heating in an 
autoclave at 105°C. for five hours. 

Acetoacetie ester (q.v. under Asters, organie) is prepared by the action of sodium 
on ethyl acetate, aud is used for preparing other compounds, as, for example, anti- 
pyrine (see Analgesics), 

High-molecular alcohols, such as lauryl alcohol, eetyl alcohol, and myristyl aleo- 
hol, can be obtained by sodium reductiou of esters obtained from naturally occurring 
oils (see Alcohols, higher). 

In the synthesis of perfume materials, sodium is often employed in reduction and 
condensation reactions. Jor example, phenylethyl alcohol, well known to perfume 


ALKALI METALS 445 


chemists for its rose odor, is prepared by the sodium reduetion of the ethyl ester of 
phenylacetic acid in absolute alcohol (81). 

One of the most important applications of sodium is in the manufacture of tetra- 
ethyl lead (see Lead, tetraethyl), the antiknock ingredient ol gasoline. A lead-sodium 
alloy of definite composition is prepared as the first. step of the process, This alloy then 
reacts with ethyl ehloride to Form tetraethiyl lend. (05,00,72,76).. Soditun has also been 
proposed for the decolorization and desulfurization of gasoline and petroleum products 
(03,04, 78). 

The use of molten sodium as a heat-transfer medium increased greatly during 
World War I (sec Heat transfer). The development of sodium-cooled valves has been 
valled the greatest single step toward improved aiveraft-engine perfermanee. The 
valve is made with a hollow stem, which is partially filled with sodium. When the 
engine is warm, the sodium melts aud, agitated by the valve motion, removes the heat, 
from the valve lead and dissipates it through the stem. In early valves (67) only the 
valve stem waa hollow, but in later developments both the head and stem are hollow so 
that the cooling medium comes closer to all points at which heat is absorbed and thus is 
more cffeetive. All aircraft engimes of 300 hp. or more have sodium-cooled extiaust 
valves. Heavy-duty bus and truck engines also have sodinm-cooled valves (16). 

In the field of metallurgy, sodium or x sodium alloy has been employed to remove 
antimony from lead or a lead alloy such as solder (61). The sodium is added to the 
molten lead, which is covered with a blanket of fused caustic. The sodimm-antimony 
alloy that is formed rises to the surface where it is removed as a dross. The dross, 
which contains caustic, antimony, and sodium, may be treated with water to recover 
the antimony (18). “Chis process ean also be used to remove tin, arsenic, sulfur, sele- 
nium, and similar impurities from lead or from tin. 

Sodium has been 11861] to modify the structure of aluminum-silieon alloys that are 
high in silicon (77). Silumin, containing 13% silicon, is a well-known alloy that is 
modified by sodiuin treatment, Additions of 0,05 to 0.1% sodium are made to the 
melt just before casting. The sodimn modifies the grain structure, causing the grains 
of silicon to be smaller, less sharp and less hard, and more intimately connected with 
the grains of aluminum (26). A similar treatment also modifies aluminum-—copper 
alloys. In this process the soclium does not remain in the alloy. 

Because of its great affinity for oxygen, sodium is used to deoxidize melts and 
alloys such as copper, bronze, steel (32), aud silver (26,41). Tor example, the addition 
of sodium or a sodium—tin alloy te molten bronze will cause deoxidation and produc- 
tion of an alloy with superior torsional strength (47), 

The reducing property of sodium is applied to the production of metals from their 
compounds. Rarer metals such as thorium, zirconium, uranium, ancl titanium may be 
prepared in a very pure form by reduction of the chloride by sodium. 

The development of the process of descaling alloy steel by sodium in the form of 
its hydride las. been one of the most significant advances in the field of descaling and 
pickling (see Metal surface treatment), Tn this process the steel is dipped into a tank of 
molten caustic. containing sudium hydride. The hydride is generated in the tank by 
the resetion of sodium and hydrogen. The sodium hydride reduces the seale ou the 
steel, and the reduced seale remains in a loosely adhereut form on the surface. This 
eau be blasted [rom the surface by the steam generated by quenching in a water bath. 
An acid dip brightens the skeel. This process enuses uo hydrogen eiubrittlement, no 
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pitting, aud no solution of the inetals, all of which are objectionable features of descal- 
ing by acid pickling (15,23,45,80). 

The high electrical conductivity of sodium has suggested its use as à core m copper 
wire, Use ol iron pipes filled with sodium as an electrical conductor has heen made 
commercially (22). A minor but well-known use is in sodium-vapor lamps and similar 
discharge lamps. 


ALLOYS 


Sodium fornus alloys with many metals (see Table IT) (33,40,43). The metals in 
the first column, with the exception of silver, form compounds with sodium. 


TABLE IL. Miscibility of Sodium with Other Metals. 


Miscible in all proportions Partly miseible 


Slightly miseible 








Antimony Calcium Serhan 
Arsenie Lithium Gallium 
Bismuth | Magnesium Germanium 
Cadmium | Zinc Indium 
Gold Palladiuni 
Lead Platinum 
Mercury 

Potassium 

Tin 


Silver 


The resulting alloys ate generally more brittle than the original metal. The 
metals vary in their ability to dilite the natural reactivity of the sodium. Stability in 
air, however, is shown mainly hy ternary ancl quaternary alloys. Many of the alloys, 
especially sodium-Jead alloys, are important commercially. 

Sodium-potassium alloy 1s easily prepared by melting the metals together under 
an inert solvent, by distilling the two metals together, or by passing sodium vapor 
through molten potassium hydroxide (71). Sodium-potassium alloy has been sug- 
gested for use in thermometers for measuring temperatures above the boiling point of 
mereury. 

Alloys of lead and sodium containing up to 30% sodium (31) have been obtained 
by heating the metals together in proper ratio, allowing a slight excess of sodium to 
compensate for that lost by oxidation. At ubout 225°C. reaction between the two ele- 
ments occurs aud generates enough heat to cause the temperature to riso rapidly. At 
this point the external heating is discontinued and tlie mixture is eooled and poured 
into molds. ‘The brittle alloys can be ground to a powder, and should be stored under 
a hydrocarbon or in airtight cans to prevent surface oxidation. 

A lead alloy known as Hydrone contains about 30% sodiwn and reacts with water 
without violence to provide an easy laboratory source of pure hydrogen. An alloy con- 
taining 10% sodium may be used in controlled reactions with organic halogen com- 
pounds that reaet violently with the pure metal (31). A sodium-lead alloy is also used 
in the preparation of tetraethyl lead (72). Sodinm-lead alloys containing large 
amounts of sodium are used to dry organie liquids. 

Sodium-lead alloys containing other metals, such as the alkaline earth metals, ave 
hard and retain their hardness at high temperatures, thereby being suitable for use as 
bearing metal. An example is Noheet or ""Tempered Lead," a bearing alloy that con- 
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tains 1.3% sodium, 0.12% antimony, 0.0867 tm, and the remainderlead. "The German 
Bahnmetal, which was used in axle bearings on railroad engines and cars, contains 
0.6% sodium, 0.0402 lithium, 0.695 caletum, and the remainder lead, and has a Brinell 
hardness of 3:1 (42). 

Sodium dissolves readily in mercury, forming viseous liquid amalgams containing 
up Lo 1.2595 sodium. — With greater amounts of sodium, the alloys ure solid and brittle 
but are easily melted and poured. These amalgams are formed by gradually adding 
small amounts of sodium to mercury under kerosene or iineral oil (20). Care must be 
taken in the addition as much heat is evolved during solution. The solid amalgams 
are ensily broken and powdered but must be protected from air oxidation. These 
amalgams are often used in place ol pure sodium, because the amalgam reactions are 
casier to control. Sodium amalgams are good reducing agents. 

Sodium does not form alloys with aluminum but is used to modify the grain of 
aluminuni-silicon alloys and. alumiuum-eopper alloys (see “Uses,” page 444). So- 
dium-gold alloy is photoclectrically sensitive and may be used in photoelectric cells. 
À sodium-zine alloy containing 2% sodium aud 9895 zine is marketed as a deoxidizer 
for other metals (26), 


Potassium 


Potassium, the third member of the alkali metal group, was the first of these 
metals to be prepared in the free form. The name for the clement was derived from 
the word potash, or from the French potasse, the alkali from which the metal was 
obtained. Kalium, the German name for potassium and the origin of its symbol, K, 
is derived from the Arabic term for ashes, kali. The atomic number of potassium is 
19; its atomic weight is 39.006. As a member of the first group of the periodic table 
it has a valence of one and forms a wiivalent positive ion. 


Potassium was first isolated from potash in October, 1807, by Sir Humphry Davy. At first, he 
allempted to decompose saturated aqueous solutions of allculies by an electric current; unsuccessful 
in this, he tried to eleetrolyze slightly moist potash in igneous fusion and obtained silvery globules of a 
metal at the negative pole, 17ο investigated ils proporties and named it potassium, The next year 
Gay-Lussac and Thénard prepared metallic potassium by heating metallic iron, with potassium car- 
bonate or hydroxide at white heat, In bhe sume year F. R. Curaudau used charcoal in place of iron. 
The vapor of the liberated potassium was condensed in a copper receiver containing rock oil to prevent 
oxidation. Soon alter its isolation, potassium reached some industrial importance in ils use in the 
manufacture of aluminum, but in 185-4 the more successful and cheaper Deville process, using sodium, 
replaced the potassium method. Since then potassium has had lijtle teclmieal importance and for 
the most part, has remained a laboratory curiosity; however, research on its production has followed 
along the same channels as that of sodium. 





Potassium has not found many applications in industry, largely on account of its 
high cost and the difficulty iivolved in handling it die to its great reactivity. 


PHYSICAL AND CHEMICAL PROPERTIES 


Potassium is a soft, silvery-white solid, slightly harder than sodium. At low 
temperatures i£ becomes brittle. Layers of potassium appear to be violet-blue in 
color. The vapor is green at the boiling point but becomes violet at higher tempera- 
tures. The solid crystallizes in cubes and octahedra, and its fractured surface shows 
brilliant facets. However, since it is very reactive, the bright surface of the freshly cut 
metal quickly becomes coated with a gray-white crust of oxide and carbonate. 
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M.p., 03,65?C.; b.p., 774?C.; deusities at various temperatures are: 








Temperature, oC, Density of solid Tomperature, °C. ο. χο. Density of liquid | 
"NN 0.889 63.65 (m.p.) 0.820 
20 (0.802 325 0.769 


62.1 0.851 506 0.708 


vapor pressure, log P = (—4769/7) — 1.375 Jog T + 11.589, where P = mm. of Hg 
and 7 = abs. temp.; surface tension in an atmosphere of carbon dioxide at 62°C., 
411.5 dynes per em. Sp.heat: of solid, 0.1728 + 0.000142 cal. per gram; of liquid, 
0.1422 + 0.000668 ({ = ?C.). Heat of fusion, 14.63 eal. per gram; heat of vaporiza- 
tion at 760°C., 48 cal. per gram; erit, temp. (mean value), 1700 = 300*C.; erit. 
pressure (mean value), 170 + 50 atm.; clectrieal conductivities at various tempera- 
tures are: 


Hlectrical 














Temperature, ?C. conducti vily, Tumperature, °C, 
ohtu 7! per etm. | hu ohin7i ger eut 
—190 to —178 51.0 x 104 0 η. ὃ X 10 
—178 to —78.3 28.39 X 10! ΤΌ 11.6 Xx 10: 
100 (liquid) 6.29 X 10* 





Thermal conduetivily: 0,287 cal, per sec. per sq.em. per °C. per em. at 5°C., 0.234 
αἱ 20.650, 0.218 at 57.8°C. 

Potassium ìs soluble in liquid ammonia, ethylenediamme, and aniline but is in- 
soluble iu other amines. It is soluble in many other metals, forming alloys (seo 
" Alloys," page 451). 

Potassium is one of the most active metals (83,85), its reactivity being greater 
than that of sodium. In air it loses its metallic luster quickly, forming a gray crust. 
It does not react in completely dry air, but if moistureis present it oxidizes rapidly, 
forming the monoxide, IXO, and the peroxide, KOs. Tf an excess of nir or oxygen is 
present, KOs, sometimes ealled. the superoxide and formerly vonsidered to be the tet- 
roxide, K:04, is formed. Under certain conditions, such as increase of temperature, 
pressure, or the use of finely divided metal, the potassium may ignite and burn during 
its oxidation, 

Potassium reacts violently with water even at —100°C. At room temperature 
the hydrogen that is evolved burus, aud potassium lrydroxide and occasionally potas- 
sium hydride are formed. Weak acids react with the metal in the same mauner as 
water but even more violently, and sometimes explosively. Potassium reacis vigor- 
ously with concentrated acids, in some cases with detonation. 

At 200°C. potassium and hydrogen react slowly, forming potassium hydride, KH. 
At higher temperatures, 350-400°C., the reaction is rapid. Anhydrous hydrogen 
halides, for example, hydrogen chloride, react slowly with potassium at room tempera- 
ture, but if the molten metal is used it ignites in the reaction. The reaction of ammonia 
with potassium yields potassium amide, KNH. Potassium reacts vigorously with the 
halogens, igniting with bromine and iodine, Molten potassium reacts with sulfur, giv- 
ing potassium sulfide, 18; with hydrogen sulfide, potassium sulfide is formed and 
hydrogen is evolved. 

Potassiin is a good reducing agent and veduees silicates, sulfates, nitrates, car- 
bonates, phosphates, oxides, and hydroxides of the heavy metals, often with the 
soparation of the metal. 
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With organie componnds, potassiuin is very reactive. Tt replaces active hydrogen 
atoms, removes halogen atonis, addas to 30me eomponnds, and often aets as a reducing 
agent aud as a condensing agent. In some cases, organometallic compounds, such as 
potassium phenyl (IKC4IT;), are formed, With aleohols, potassium alcoholates are 
formed, aud acetylides with acetylene derivatives. It is inert to saturated aliphatic 
and aromatic hydrocarbons; therefore, potassium is often kept under such com- 
pounds to avoid oxidation. Colloidal solutions of dispersed potassium in solvents of 
this nature are often used as a convenient means of handling the metal. 

OCCURRENCE 

Potassium metal does not occur in the free state in nature. It occurs abundantly 

in a combined form in rocks, soil, plants, and salt waters. 2.58% of the known terres- 


trial matter is potassium, The most common potassium minerals (82) are shown in 
Table IV. See also. Potassium compounds. 


TABLE IV. Common Potassium Minerals, 












Mineral Composition 
Sylvie... ce e KCL 
Carnallito. i. eee eee KMgCh. 6080 
Thrangbeinite. 60.00 ec aes KaMga(SOq)s 
Polyhalite.. 000.0 eee KaM gE (SOI LO 
Aļunite. aa a KALSON OH) 
Jarosite cc ce ee ene Ka Fea (SO (OH die 
Orbhoelase. i... isses ee KAIS Os 
πε ου. KAIS Os 
Loucite. lisse sees eese e KAlBis0, 
Miens (q.v.) 
Museovite. ic eese an RABSC(AISIQQg(OTD.(Gpprox.) 
Inr MN K(Mg, Feja(AlSig) Ow(OLL, F)a(approx.) 





The potash beds at Stassfurt, Germany, which consist-of a mixture of sylvite and 
earnallite, are the most famous source of potassium minerals. The main sources of 
potassium salts in the U.S. are the dry lakes of southern California, such as Searles 
Lake, and the salt deposits near Carisbad, New Mexico, which contain polyhalite and 
sylvite (84). 

MANUFACTURE 


Only small amounts of potassium are produced because of the difficulty of its 
preparation and the high cost of the raw materials. However, the same methods may 
be used in general for potassium as for sodium. Slight modifications in these methods 
are necessary owing to the higher reactivity of potassium and to the formation ol ex- 
plosive eompounds of potassium and carbon. | 

The electrolysis of fused potassium chloride is limited hy the severe corrosion of 
the equipment and by the high temperature that is required to keep the bath molten. 
The addition of other salts, such as a mixture of calcium chloride and potassium fluo- 
tide, has been suggested to lower the melting point of the potasstum chloride (91), but 
the method has never reached technical importance. 

The electrolysis of dehydrated potassium hydroxide by a modification. of the Cast- 
ner process as used for the production of sodium has been used for the mauulacture of 
potassium (00). To avoid loss of potassium due to the rapid oxidation of the metal at 
the cathode, the potassium hydroxide is eleetrolyzed under paraffin (83). Modification 
of the Castner cell must be made because the high vapor pressure of the potassium 
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tends to fomi a metal mist. The diffusion of this mist is prevented by surrounding the 
cathode with a magnesite diaphragm. ‘The electrolysis is carried out in an iron vessel 
with iron electrodes. The cathode with the magnesite diaphragm is introduced 
through the bottom of the cell. At the beginning of the eleetrolysis small explosions 
are produced, but: after this the electrolysis proceeds quietly. On small-seale opera- 
tions a current yield of 58% has been reported (88). 

Other eleetrolytie methods have been suggested, Potassium cyanide has a lower 
melting point than potassium chloride, and the molten salt is a good conductor of elec- 
tricity. A current efficiency of 90-95% potassium has been reported tor the electroly- 
sis of potassium cyanide with s nickel cathode and a graphite anode, with a eurrent of 
2.5 amp. aud 6 volts: the eyanogen formed at the anode is absorbed in a solution of 
sodium hydroxide and sodium carbonate (88). The preparation of potassium by the 
electrolysis of a solution of potassium amide in liquid ammonia, with a potassium 
amalgam anode, has been deseribed (95). 

Potassium may also be produced by reduction of its compounds with sodium, 
An apparatus has been patented in which sodium vapor is passed countercurrently 
under vacuum through a molten potassium compound, for example potasstuni chloride 
or hydroxide. A sodium -potassum alloy is formed trom which the potassium may he 
separated by fractional distillation (92), 

Potassium is purified by distillation or filtration, Filtration of molten potassium 
is best carried out under an atmosphere of nitrogen using glass wool or wire net. It is 
distilled most suitably under vacuum in Pyrex apparatus (83). 

Prices and Grades. The price of potassium has averaged approximately $7.50 per 
lb. Owing to this high price, itis rarely found outside a research laboratory. 

Only a technical grade of metallie potassium is on the market. It is solid in !/s-oz. 
sticks and 1-7, 21/,-, and 4! /,4b. bricks, Potassium is classified as a dangerous chemical, 
and therefore requires a yellow shipping label. 

Safety Factors. The safely factors discussed under sodium apply equally to 
potassium. However potassium differs from sodium in that sodium and oxygen form 
Sodium monoxide at room temperatures, while potassium and oxygen, uncer the same 
conditions, form potassium tetroxide, which is a strong oxidizing agent. For this rea- 
son air must be rigidly excluded fron potassium during storage. 


ANALYSIS 


The potassium ion is often detected by the violet color its salts impart to a Hame, 
which may still be seen by viewing it through a cobalt-blue glass if sodium or other 
metals are present. The use of the spectroscope is also recommended. It can also he 
detected by the precipitation of its insoluble salts such as the yellow potassium cobalti- 
nitrite, potassinn chloroplatinate, potassium acid tartrate, and others. It is 
quantitatively determined by converting to the chloroplatinate or perchlorate, fol- 
lowed by leaching with ethyl alcohol, filtering, washing (with ethyl aleohol), drying, 
and weighing. The aleohol treatment removes the corresponding salts of the other 
alkali metals, except rubidium and cesium, whieh are seldom present. 


USES 


Potassium may be used in the synthesis of certain inorganic potassium compounds, 
such as the oxide, peroxide, or cyanide, and in organic syntheses involving condensa- 
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tion, dehalogenation, reduetiou, aud polymerization reactions. It may replace sodium 
in most reactions, aud has advantages in certain cases because of its greater reactivity, 
but because of its higher cost and the difficulty of handling it, potassium has not been 
used to any extent on a commercial seale. 


ALLOYS 


Potassium formis alloys with other alkali metals with the exception of lithium. 
Sodium and potassium form a compound, NaK, but, with rubidium and cesium, 
potassium forms a complete series of solid solutions (81). The potassium-sodium 
alloy formed by passing sodium vapors over molten potassium compounds has been 
suggested for use in high-temperature thermometers (87). Potassium alloys to a slight 
extent with magnesium and aluminum, "The addition of 1-595 potassium to a mag- 
nesiumi-aluminum alloy is said to increase its corrosion resistance (04). Alloys of 
potassium with gold or antimony can be obtained and show some photoelectric proper- 
ties (86). Potassium alloys with zine and cadmium, forming compounds KZn and 
KCdy, and with leacl, forming a brittle alloy (89). The addition of sodium to à lead- 
potassium alloy produces an alloy that is resistant to crushing and reacts nonviolently 
with water, Tor example, an alloy containing 88% lead, 12% potassium, aud 4% 
sodium is an excellent form in which potassium may he handled safely (98). 


Rubidium 


Rubidium, Rb, is the fourth member of the alkali metal group, It has a valence 
of one, an atomic number of 37, and an atomic weight of 85.48, 


Τα 1861 Bunson and Kirchhoff discovered rubidium iu the mineral lepidolite, The spectrum of 
this element had new lines in the violet, blue, green, yellow, and red. Two red lines, lying in the outer. 
most portion of the red solar spectrum, were especially prominent. Hence the name “rubidium” 
(dark red) was suggested for this new element, The same year Bunsen obtained the Iree element by 
electrolysis of ils fused salts. 


Rubidium compounds are used to a greater extent than the metal, which has only 
alimited applicetion in the manufacture of photoelectric cells (109). 


PHYSICAL AND CHEMICAL PROPERTIES 


Rubidium is a soft, silvery-white metal, closely related to potassium. It ignites 
spontaneously in dry oxygen as well as in air and burns with a bluish flame. 

M.p., 39.0°C.; b.p, 696°C.; di", 1.53; vapor pressure of liquid at 250-870°C., 
log P = (—3969.48/T) + 6.976, where P = nm. of Hg and T = abs. temp.;  sp-heat 
at 0°C., 0.0802 eal. per gram; heat of fusion, 6.144 eal. per gram (104,109, and LC.T.), 

Rubidium is move volatile than potassium, Tt distills, forming a blue vapor, 
when heated to red heat in the absence of oxygen. Rubidium is soluble in liquid 
ammonia and insoluble in hydrocarbons. Jt dissolves in some metals forming alloys. 

In chemical properties (99,104,109) rubidium resembles cesium and potassium. 
It is more readily oxidized than potassium and, upon exposure to air, becomes covered] 
rapidly with a gray-blue oxide film consisting of a mixture of the monoxide, RheO, and 
the peroxide, Rba, as well as the “superoxide,” RbOs. It ignites spontaneously if 
placed in dry oxygen at room temperature. Because of its reactivity it is usually kept 
in à vaeuum or under an inert liquid sueh as henzene. 

Rubidium reacts with water, even in the form of ice, at —108°C. (109) to form 
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rubidium hydroxide. At room temperature the reaction is violent with the hydrogen 
igniting. Rubidium dissolved in liquid ummonia combines with ozone. Lt. unites 
directly with bromine or chlorine, with ἐν flame. 

The action of a rubidium amalgam on triphenyhnethyl chloride produces the 
reactive organometallic compound rubidiun triphenylmethyl A rubidium ethyl is 
formed by the action of rubidium on gine diethyl (01). 


OCCURRENCIs 


Associated with other alkali elements, rubidium occurs widely distributed im 
nature but in very small amounts (109). The known minerals and deposits rich enough 
to furnish large supplies ave few (sce Rubidium campaunds). Lepidolite, a complex 
lithia miea, which is the best source of rubidium, contains from a trace to more than 39$ 
rubidium monoxide.  Carnallite aud. pollucite are other alkali minerals that contain 
small amounts of rubidium. Other natural sources of traces of this element are salt 
wells, sea-water plants, and animal organisms, In the U.S., deposits of rubidium 
minerals are found in California, South Dakota, New Mexico, and Maine. 


MANUPACTURE 


Rubidium is uot produced ona commereial seale. Small amounts of the metal can 
be obtained by electrolysis or by the reduction of a rubidium salt. The metal is usually 
purified hy distillation, Small amounts of rubicium for laboratory use are usually pre- 
pared by mocifieatious of Eackspill's reduetion method (102). Dry rubidium chloride 
is heated with calcium in an evacuated tube to 500°C., and the rubidium formed is dis- 
titled off (110). Rubidiuin chloride has also been reduced by iron. Magnesium and 
ealeium have been used to reduce rubidium carbonate and hydroxide £o the metal by 
heating in an iron tube in a current of hydrogen, In 1940 Russiau investigators re- 
ported the reduction of rubidium chloride by calcium carbide, with 75% yields of the 
metal, by heating m a vacuum at 700-900°C!. (105). The cleetrolysis of fused rubidium 
chloride with a graphite anode and iron cathode was carried oul by Bunsen in his mitial 
preparation of rubidium in 1861. A 30% yield of the metal has also been obtained hy 
the eleetrolysis of fused rubidium hydroxide using a magnesite diaphragm to separate 
the products. 

The prices quoted on rubidium salts in 1948 ranged from $0.15 to $0.50 per gram 
(108). Small quantities of tho salts have been imported at intervals, 


ANALYSIS 


Rubidiun is best detected qualitatively by use of the spectroscope. It is deter- 
mined quantitatively by converting to the chloroplatinate. The quantitative deter- 
mination of rubidium iu the presence of all of the other alkali metals involves eompli- 
cated analytical procedures for which standard textbooks on the subject should be 
consulted. Tf only rubidiuun and cesium are present, they ean be precipitated together 
and weighed as the chloroplatinates. The cesium can then be determined by precipi- 
tating with antimony trichloride-ferrie chloride, converting it back to the chloro- 
platinate, and weighing. The rubidium is then detcrmined by difference. 


USES 


The uses of rubidium metal are very limited. Its chief application is as an ex- 
tremely thin, light-sensitive layer on the inner side of the glass in the manufacture of 
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vacuum tubes aud photoclectric eells.. "he metal may be introduced into the tube in 
excess and later removed entirely except for the molecular layer that lias formed on the 
silver or base-metal electrode (98,109), or the metal may be produced in the tube hy 
decomposition of a rubidium compound. For example, a thin film of the metal is pro- 
duced in the tube when rubidium dichromate is reduced ly silicon (112); rubidium 
may also be formed in the tube hy decomposition of rubidium azide (111). 


ALLOYS 

Rubidium forms alloys with the other alkali metals with the exception of lithium, 
with whieh it is tmmiseihle in both the solid and Hquid states (8). In. the system 
sodiuni-rubidium there 18 à euteetie birt no compounds or solid solutions arc formed 
(106). Potassium and rubidium are completely miscible in the solid state (100), while 
cesium and rubidium form an uninterrupted series of solid solutious (108). These 
alloys are useful n eliminating the last trees of air from vaciuim tubes and for obtain- 
ing high vacuums for radio valves (08). 

Rubidium aualgamates with meveury, forming compounds of varying composi- 
tion, such as Rh;Hes, Rb We, Rbflg, RbHg; (96). The amalgam has been used in 
the hydrogenation of vinylacetylene to form butadiene (118). Rubidium also. alloys 
with gold. A green compound, Rhing, is formed, which is not so stable as the corre- 
sponding potassium eompound (97). 


Cesium 


Cesium, the fifth member of the group of alkali metals, was the first clement dis- 
covered by Bunsen by spectroanalysis. [ts name and chemical symbol, Cs, are derived 
from the Latin caesium (heavenly blue) because of its characteristic blue spectral lines; 
the Latin spelling is used in england, Cesium is univalent and has an atomie weight of 
132.913 and the atomie number 55. 

Tn 1860, Bunsen discovered cesiuin by spectroanalysis of the water from the Durkheim salt wells. 
Plattner had made an analysis of the mineral pollucite in 1846 but had mistaken cesinm sulfate for a 
mixture o sodium aud potassium sulfates. This error was discovered several years later by Pisani 
when reviewing Pluléner’s work (128), Cesium was [irst isolated in 1881 by Setterberg by electrolysis 
of a molten mixture of cesium and bariun evanides. 


Cesiun metal has only a limited use in the manufacture of photoelectric cells, but 
its compounds are used to a greater extent. 


PHYSICAL AND CHEMICAL PROPERTIES 


-Cesium is a silver-white, soft, ductile metal that erystallizes in a body-centered 
eubie lattice. It has the lowest boiliug point and highest specifie gravity of the alkali 
metals, | 

M.p., 28.45?C.; b.p., 670.0?C.; density at 0?C., 1.003; vapor pressure at 200— 
350°C, log P? « (—3833.082/ 7) -- 6.040, where P — nun. of Hg und T — abs. tenip.; 
sp. heat at 0-26°C., 0.04817 cal. per gram; heat of fusion, 3.766 end. per gran: (117,128, 
and L.C./T.). / Cosinn is very soluble in liquid ammonia. It dissolves in many metals, 
forming alloys. 

Cesium is the most cleetropositive of all known elementis and shows strong ioniza- 
tion tendencies, It oxidizes rapidly in air, yielding a mixture of the oxides, as in the 
ease of potassium and rubidium, with the production of heat and light, and should be 
kept in vaeuum or immersed in mineral oil, naphtha, or kerosene. It reacts violently 
with water at ordinary temperatures with the iguition of the hydrogen evolved (118). 
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The lowest temperature at which this action on water can be detected is — 116°C. 
(117). Most easily fusible of the alkali metals, it occasionally ignites In moist: air and 
burns with a reddisli-violet, flame. It dissolves in acids and alcohols, reacting with 
them to form sults and alcoholates. It resembles potassium and rubidium in its þe- 
havior. 

Cesium reacts with ethylene by simple addition to form a brown solid, CaF Osa 
(121,125). When dissolved in mereury, it reacts readily with a solution of triphenyl- 
methyl ehloride in anhydrous ether, giving cesium triphenylmethyl, a very reactive 
dark red powder (120). 

Cesium absorbs carbon monoxide in the cold, even at low pressures, to form mi- 
nute shining spheres of chamois-yellow color, insoluble in benzene, ether, or ammonia 


(122). 


OCCURRENCE 


Cesium, although it occurs in limited quantities in nature, is more widely dis- 
tributed than the other alkali metals. ‘The earth’s crust contains a higher percentage 
of cesium than of silver. The mineral depisits that contain cesium usually also contain 
rubidium and lithium (sce Cesium compounds). Only one mineral, pollucite or pollux, 
a double silicate of cesium with alominnm, is known to be rich in cesium. Deposits of 
pollucite ovcur in Maine and on the island of Elba (128). Cesium occurs also in car- 
nallite (126), and detectable amounts are found in plant and animal organisms, mineral 
waters, aud soil. 


MANUFACTURE 


Cesium is not manufactured ou à commercial seale siuee 16 eannot be prepared by 
the electrolysis of the molten chloride as are lithium, sodium, and potassium. How- 
ever, simal! amounts of cesium metal are produced by reduction methods. It is usually 
prepared by the reduction of one of its salts. Finely divided eesium hydroxide or enr- 
bonate iu au iron tube is mixed with magnesiun or aluminum aud then heated to red 
heat in a stream of carefully dried hydrogen (116,119). The cesium distills off. The 
yield of metal under proper conditions can be made to exceed 90%, but the method is 
slow and laborious, Cesium chloride also may be reduced by ealeium or barium (123). 
The temperature is raised slowly to 700?C.; at 500? blue vapors of cesium begin to be 
evolved. Cesiam chloride, sulfate, or carbonate may be reduced by heating with iron 
(124). Temperatures of about 1000° are necessary for à rapid reaction, but at this 
temperature the metal produced may begin to oxidize. Cesium may also be obtained 
by reduction of cesium chloride by calcium carbide in a vacuum at 700-900°C. (129). 
The decomposition of cesium azide or hydride by heat produces very pure metal (132). 
Cesium also has been obtained by the electrolysis of a cesium salt solution with a mer- 
cury cathode. The cesium may be extracted from the amalgam by liquid ammonia 
(131). | 

The price of cesium metal in 1943 in 100-grain lots was quoted as $4.00 a gram and 
the price of cesium sults ranged fron $0.15 to $0.50 per gram (127). 

For the analysis of cesium, see the section on the analysis of rubidium. 


USES 


The principal use for cesium is in the manufacture of vacuum tubes. Tis also used 
to some extent in the manufacture of photoelectric cells (180). The cesium for these 
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purposes is usually produced in the tube. Vor example, for a discharge tube, the 
ecsium is introduced by placing cesium chloride and calcium in a capsule within the 
tube and, a£ the proper time, heating the capsule by a high-frequeney source (137). 
Zirconium or a rare earth metal aloy such as misch metal may also be used as a reduc- 
ing agent (133,134). 


ALLOYS 


Cesium alloys with nwnerous metals. Ut forms a compound, Nass, with sodium, 
but with rubidium it forms an uninterrupted series of solid solutions. These alloys are 
uscful for eliminating traces of air [rom vaeuum tubes and for obtaining high vacuums 
for radio valves. "They are dificult to handle owing to their extreme reactivity in air, 
and special clevices have been developed for introducing them into vaeuunt tubes (115). 

Alloys of cesium with calcium, barium, or strontium eau be produeed by reduction 
of cesium chloride with the respective metals, The alloy is collected m a glass tube 
and covered with a hydrocarbon oil, The temperature for this process is bebween 50 
and 80°C. These cesium alloys are less reactive and eun be more easily handled than 
metallic cesium. Cesium may be obtained from these alloys by vacuum clistillation 
(134). Ternary alloys of cesium and aluminum with barium or strontium can be pro- 
duced by the same method as the binary alloys (136). These alloys are used in photo- 
clectrie cells (115). 

The alloys of sesiuin with antimony, bismuth, and gold are photoelectric. The 
electrical resistance of antimony-cesium increases sharply with the cesium content; 
an alloy corresponding to the compound SbCs; shows the highest photoelectric quan- 
tiun yield. Similar effects are obtained with bismuth—cesium alloys. "Phe gold-cesium 
alloy is photoelectrieully sensitive, as are the other gold-alkali metal alloys, the absorp- 
tion of visible light deereasing from AuNa to AuCs (115). 
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ALKALIMETRY. See Hydrogen-ion concentration. 


ALKALINE EARTH METALS AND ALKALINE EARTH METAL ALLOYS 


The alkaline earth metals, calcium, strontium, barium, and radium, are in group Ila 
of the periodie table. Radium (see Radioactive metals) is known only in the form of 
its salts and, because of eost or otherwise, has no applications in alloying or as 
metal. Of the remaining three, caleiuni has achieved the greatest use and tonnage. 
Caleium ranks fifth in the order of abundance of elements in the earth’s crust, the 
percentage being estimated at 3.64, while barium is cightcenth with a percentage of 
0.04, and strontium is much less abundant with a percentage of 0.015. 

In the older chemistries, all the nonmetallic substances that were insoluble in 
water and unchanged by fire were called “earths.” Because lime and magnesia 
showed alkaline reactions, they were termed “alkaline” carths. The term calcium 
is derived from the Latin calx, the name for lime, barium from the Greek barys 

- meaning heavy, and strontiuni from Strontian, a town in Scotland. All three 
metals were first isolated by Davy in 1808, by electrolysis, which is still onc of the 
common methods for preparing the metals, 

Properties. In general, the metals are white in color and differ among them- 
selves by shades or casts. They are malleable, extrudable, and machinable. They 
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are less reactive than sodium and potassium, and have higher melting points and 
boiling points. Their common ores are the sulfates aud carbonates, and they form 
analogous chlorides, peroxides, nitrates, chlorates (in all of which they are bivalent), 
and carbides. A typical carbide is eateium carbide (CaCe), which upon reaction 
with water gives acetylene. Hach of the metals, in the form of its volatilizable 
nalts, gives intense fame colors, that of barium being green, calcium, a brilliant 
erimson with a yellowish shade, and strontium, a brilliant crimson without the 
yellow component. Strontium and barium compounds have important pyrotechnic 
uses as the nitrates, chlorides, and chlorates (sce Barium compounds, Calcium 
compounds; Lime and limestone; Strontium compounds), 

A number of metallurgical applications of these metals depend apon their great 
reactivity at high temperatures with the formation of nitrides, silicides, and car- 
hides sch as Cas (in contrast to acetylides like CaCs), which are quite stable. At 
lower temperatures, stable hydrides, of which calcium hydride is the most im- 
portant, are formed. In the manufacture of electronic tubes, the ability to fix 
residual guses as oxides, uitrides, aud to a lesser extent hydrides, makes these 
metals imporlant as "getters." Other properties ol the metals are given in Table I. 


TABLE I. Properties of Calcium, Strontium, and Barium. 


























Properties Caletum Strontium Barium 

Atomic number 20 38 56 
Atomic weight 40.08 87.603 |^ 137.36 
Isotopes (stable) 40, 42, 43, 44, 46, 48 81, 86, 87, 88 130, 132, 134, 134, 

186, 137, 188 
Atomic volume, cu.cm./gram-atom 25.9 84.6 ; 36.2 
Crystal form Cuhie, [ace-contered Cubic, faec-eentered Cubie, body-centered 

lattice lattice lattice 

Electrochemical equivalent, . 

mp. /coulomb 0.20762 0.45404 Q.71171 

coulomb/mg. 4.81640 2.20244 1.40507 
Valence, 2 2 2 
Electron configuration 2-8-8-2 2-8-18-8-2 2-8-18-18-8-2 
Boiling point, °C. 1170 1150 1140 
Melting point, °C. 810 300 850 
Sp. gr., grams/cu.em. 1.58 2.54 3.74 
Latent heat of vaporization at b.p., 

kilojoules /gram-atom 390 383 361 
Sp. heat, cal. /gram. 0, r, (—185° to --- — 

0.140 (0° to 100°C.) 

Tensile strength, p.s.i, 6300 — -> 
Elastic limit, p.s.i. 1470 — -- 
Elongation, per cont 53 ᾿ -- — 
Brinell hardness 17 -- -— 
Hleetrie resistance, microhnis/ 

clLem. 3.43 22.Tü — 
Thermal expansivity, em./cm./*C. 0.00025 — — 

Calcium 


Freshly cut surfaces of calcium are white, approximating the color of silver. 
Fractured surfaces are more brillant than steel. Upon exposure to the air, partic- 
ularly in the presence of small quantities of moisture, the metal tarnishes with the 
formation of thin films of oxide, which are bluish gray. These films are quite pro- 
tective against further’ attack. Calcium cannot be cast by the usual foundry 
methods owing to excecdingly rapid oxidation at the melting point, 810?C., but 
melting and casting procedures employing protective fluxes have been worked out 
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for the production of cast forms of the metal from the irregularly shaped *'eabbages" 
separated from the furnace electrodes. 

In eontradistinetion to sodium, ealeium metal may be handled in a manner 
similar to magnesium and aluminum, that is, it may he touched and may come in 
contact with the skin without danger. It can be machined in a lathe, turned ito 
shapes, drilled, threaded, sawed, extruded, drawn into wire, pressed, aud hammered 
into plates. In its eommercial foris, ealeium is available as the direct product 
from the electrie furnace, or as à remelted material, or as a sublimed material, in 
chips, slugs, rods, and sticks. The approximate dimensions of standard calcium 
metal products on American standards are given by Mantell and Hardy (6) in Table 
TT. 


TABLE IL. Approximate Dimensions of Standard Calcium Metal Products. 





Cross 








Port Shape Length, Diameter, section, In. Weights 
“Carrot Truncated cone 5 to 20 | 7 to 14 — 7 to 25 
Slab Revtangular, round comors 25 — 21/, by 16 45 to 50 
Cut slabs Rectangular 8 — [by 3 a+ 
Cylinder Cylindrical 25 7 — 504- 
Cored cylinder | Cylindrical 25 7 Pp. — 45+ 

2 I.D. 
Chips Irregular Vato Ys — Vg by !/4 — 


(approximate) 





During World War If, the United States (which formerly depended upon im- 
ports from France and, to a small extent, from Germany) obtained its supply of 
calcium by the electrolysis of fused caletum chloride as a primary source, and in 
later years by thermal processes under high vacuum from lime reduced with alu- 
minum. In operations involving the preparation of lead-calcium alloys, calcium 
earbide (see Carbides) may serve as the source of calcium metal. Silicon was not 
found to be useful as a reducing agent at 1200°C., the temperature limit of tlie re- 
torts employed. Operating details for the electrolytic production of calcium are 
given in Table IIL (6). Manufaeturing details of the production of calcium by 
the aluminum process are given in Table IV (5). 

Caleium metal is employed as: an alloying agent for aluminum, bearing 
metals (qv.), beryllium, copper, lead, and magnesium; a debismuthizer for lead; a 
controller for graphitic carbon in east. iron; a carburizer and desulfurizer as well as 
a deoxidizer for numerous alloys such as chromium—nickel, copper, iron, 1ron—nickel, 
nickel, nickel-cobalt, nickel-chromium-iron, uickel bronzes, steel and tin bronzes; 
an evacuating agent; a modifying agent for aluminum, beryllium, and magnesium; 
a reducing agent in the preparation of chromium metal powder, thorium, uranium, 
and zirconium; and a separator for argou from nitrogen. Typical of these applica- 
tions is the addition of 0.25% calcium to magnesium alloys to refine the grain strue- 
ture, reduce the tendency to take fire, and to modify the strengthening heat treat- 
tents. Other examples arc tlie precipitation-hardeniug lead-ealeium alloys. The 
solid solubility of ealeium in lead is of the order of 0.195 at tho melting point, and 
deereases rapidly with reduction of temperature so that precipitation hardening 
(see Alloys) takes place, since at ordinary temperatures the solid solubility is of the 
order of 0.01%. | 

Calcium shows a tensile strength of 8700 p.s.i., but the value obtained is 
greatly affected by small quantities of impurities. Calcium metal is much harder 
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TABLE III. Operating Details for the Electrolytic Production of Calcium. 


Electrolyte.. ss., eee nce tenes Pure caleium chloride 

(Temperature ,...seeeeee haee emer ra 1780-800 C. 

"urreut 
Current density, cathode... olala aaa 680 amp./sq.in., LOO inp. /sq.em. 
Energy consumption.......0..0. 000.00... 20. cee 30,000-50,000 kw.-hr, /Aon, 15-25 kw. -hr. Ab. 
Theoretical decompu. voltage of CaClat 8005...,.. 3.2 

Melting point of ο. ΟΥ νρων εν ν τν ες ενενενννννννν. 780°C). 

Sp. cond. of CaCh at 800°. 0.0 eee 1.9 ohms/eu.em. 

Lb. CaCla por Jb. Ca. 
Theoretical... 0.0.0. eee 2.76 
Aeotuah. 0 --, 1.5 

Auodes. ee eee hen eet ον white 

Cathodes 
Material... sae: “πι Tron or graphite coated with caleium 
ο eee emm emer Vertical, with surface contact 

Cells 
LAN. ce mh RI eens Carbon 
Casing... eee re aas Sheet steel 


TABLE IV. Thermal Reduction by Aluminum. 


Raw material 0. ee eee Calcined pure limestone (CaQ), 200-mesh 
Redueing sgent.....0 0000 ce eee nen 96-997, aluminum, 20-mesh 

Temperature... eren 1200 °C. 

Pressuro...... set amare as .20 microns 

Retort materials. MEME 2807, Cr, 1505 Ni 

Retort Εἰδονννν νο cc cee 10 in. diameter, 10 ft. long, 1.1 in. thick 
Caletum purity. 06. se Mg, 0.50 tu 1.0%; Al, 0.01 to 0.22%; Mn, 


0,005 Lo 0.02%; N, under 0, 02%; chlorides, 


nonc; alkalies, none; Ca, 98 to όρος 
Time of oyele. 0... esee 12 hours 


Reaction. 0 esee eese ees 6 CaO + 2 Al — 8 Ca -+ 3 Ca0 + nu 


than sodium, but softer than aluminum and inagnesium. In hardness character- 
istics it is much closer £o aluminum and magnesium than to sodium. Under a 500- 
kg. load, sections machined out of the calcium “cabbage,” as obtained from the 
furnace, show # Brinell hardness of 17. Under the same conditions, sodium is so 
soft, that measurement cannot be made, the hardness being under 1 on the Brinell 
scale. Pure aluminum has a Brinell hardness of 25, while magnesium shows a 
Brinell hardness of 80, and measurements by the Dow Company on Dow mag- 
uesium show 32. Ou the Rockwell B scale, calcium in machined sections shows 
hardnesses from 36 to 40. On the Shore seleroscope, calcium shows hurdnesses from 
7 to 9 when the normal hammer is used, and 11 to 12 when the magnifying hammer 
is employed, as compared to values of 20 to 23 for magnesium. 

Distilled calcium shows an elongation of 538%, while extruded wire gives 61%, 
98.5% calcium gives 30.5%, and impure materials (94-06%) shew no elongation (2). 
The tensile strength of distilled calciwm is 6050 p.s.i., its elastic Hmit 1465 p.&i. 
With a loading speed of 4 mm. per minute, distilled calcium is more ductile than 
aluminum of 99.6% purity and less ductile than lead, but it has a greater elongation 
than both. The modulus of elasticity of distilled calcium varies between 32 x 10* 
and 38 X 105 p.&i. No ereep was observed on loading ealetum with less than 570 
p.&i at room temperature. QCrushing tests showed complete recrystallization of 
calcium at 300°C. and above during deformation. The pressure required for de- 
formation decreases with the temperature and has a sharp break at 440°C., which 
corresponds to the beta-gamma transformation temperature. Gamina calcium 
deforms plastically under very small loads. Calcium wire ean be easily extruded 
between 420 and 460°C. It has an elastic limit of 5500 p.s.i. and a tensile strength 
of 8000 p.s.i. 
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The constitutional diagrams of the alloys of calcium with aluminum, copper, 
hydrogen, gold, lead, magnesium, nickel, silicon, silver, tin, or zinc, have been well 
studied and almost completely worked out, while those for the alloys with antimony, 
beryllium, bismuth, boron, cadmium, lithium, mereury, nitrogen, platinum, sodium, 
or thallium are cither incomplete or fragmentary (6). 

Caleium is more reactive chemically than barium or strontium, but considerably 
less reactive than sodium, Calcium is the cheapest of the alkaline earth metals 
but more expensive than sodium. Sodium is one-fifth to one-sixth the price of 
ealeium, and the produetion of sodium is more than oue hundred times that of 
calcium. Tn organie synthesis, sodium is in a better competitive position; in 
metallurgical work, however, the low melting point and high vapor pressure of 
sodium are disadvantages in deoxidizing, reducing, degasilying, and alloying, when 
the less volatile calcium is preferred. In addition, the end produets of the sodiun 
reactions are more volatile and of lower melting point than the corresponding end 
products of the caleium reaction. Calcium metal itself competes even in metallurgi- 
eal work with some of its own compounds, examples of which are calcium silicide, 
calcium boride, end calcium carbide, all of which are used as degasifiers, reduetants, 
and sources of calcium for alloys. Often, however, in highly specialized alloy work, 
examples of which are the niekel-ehromium and niekel-ehromiuin-iron. materials 
for ligh-lemperature service, these compounds may introduce uucestrable ma- 
terials from which the metallic caletum is free. 


Barium 


The production of barium is small. lí is produced either by fused-salt elec- 
trolysis, particularly of the ehloride, iu a manner and cell similar to that used for 
calcium, or by chemical methods in evacuated retorts as a result of the reduction of 
barium compounds such as the oxide with aluminum at temperatures of 1200?C. 
or higher. Barium alloys with aluminum and magnesium are used as getters in 
evacuated electronic tubes, and the barium content in an alloy with nickel used 
for spark-plug wire improves the emissivity of the wire. Barium is noncompetitive 
with calcium in that its production is only a fractional percentage of that of caletum 
and its price is many times higher. The available barum metal has been produced 
largely in university and research laboratories. 

Barium metal readily reacts with water and most acids. Upon heating bartum 
in hydrogen gas at about 200°C., a violent reaction takes place, forming a hydride 
of barium, BaH.. This is a solid, gray compound readily decomposed by water and 
acids. The nitride of barium, BaNe, decomposes with explosive violence upon 
heating. In his studies of the carbon arc, Mott (7) found that bariun will unite 
with carbon and nitrogen to form barium cyanide, which is thermally a very stable 
compound. Barium metal is a good deoxidizer for copper, according to Schumacher 
and Ellis (9). 

The clectrolytic production of barium-ealetum-lead alloy (Frary metal) is 
described in detail by Cowan, Simpkius, and Hiers (8). This alloy is used in place 
of Babbitt, since it can readily be cast. Duffendack, Wolfe, und Randolph (4) 
have developed a nickel-barium alloy for spark plugs in order to insure absolute, 
regular performance and a constant voltage through the spark gap. Randolph (8) 
has reported on the performance of nickel-barium and nickel-barium—copper alloys. 
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Strontium 


Strontium metal may be produced by methods similar to those employed for 
calcium and barium. Its potential applications are similar to those of calcium and 
barium, but the relative nonavailability of the metal has resulted in à situation in 
which too little is known of its alloys aud their properties. In commercial applica- 
tions it offers no advantages over calelum; it is also much higher in price. 
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ALKALINE FUSION 


Inorganic. Many inorganie substances that are slowly rcactive in an acid environment 

will readily respond to alkaline fusion. Iu alkaline fusion one employs substances 

that are solid at ordinary temperatures, but become fluid at temperatures attainable 

in the chemical laboratory. Thus, for example, ignited chromic oxide (CrO3), which 

acts only very slowly with acids such as hydrochloric and sulfuric, is rather readily 

dissolved by heating an intimate mixture of the oxide with powdered potassium | 
hydroxide. A simple equation for this action, neglecting the possibility of air oxidation, 

18; ` 


οσοι T 2 KOIL 





» 2 KCrO: + HO 


In chemical practice one finds it convenient to classify reagents used in alkaline fusions 
under the following headings: (2) nonoxidiziug alkaline mixtures, and (2) oxidizing 
alkaline mixtures, 

In the first calegory are the following substances or appropriate mixtures thereof: 
sodium hydroxide (NaOH), potassium hydroxide (KOH), calcium carbonate (CaCQ,), 
potassium carbonate (KsCQs), sodium carbonate (NasCO;). To these substances or to 
mixtures of them various salts are often also added designed to lower the fusion point 
of the mixture. Outstanding examples are potassium chloride (KCI) and calcium 
chloride (CaCl). 

Under oxidizing fusion are listed appropriate mixtures of the substances cited 
above, together with such materials as potassium nitrate (NOs), sodium nitrate 
(NaNO), caleium nitrate (Ca(NO;):), potassium chlorate (IKCIO3), sodium peroxide 
(NaeOz), and barium peroxide (BaQs). Itshould of course be noted that very often the 
mixtures employed under the first classification will involve the absorption of oxygen 
from the air duriug the process, thus effectively shifting such fusion mixtures to the 
second classification. 
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TE the action cited above between chromie oxide and potassium hydroxide is car- 
ried out over a sufficiently long time, some or all of the chromium will be oxidized to the 
hexavalent form by oxygen of the air. Under such circunstanees the appropriate 
equation would he: 

2 CrO, 4- 8 KOH + 3 04 ———9 4 KCrO + 4 HO 


If one employs solid oxidants in alkaline fusion, it is well to choose oxidants whieh will 
yicld either gascous reduction produets or reduction products that are not disadvan- 
tageous to the final product. An outstanding example is found in the use of alkaline 
peroxides. An additional advantageous feature in the use of alkaline peroxides as 
oxidants in alkaline fusions is that any excess oxidant is either decomposed hy heat or 
is decomposed by the final extraction of the melt with water or acid. 

Many industrial applications are known of the general principles of alkaline fusion. 
These will be found in the appropriate sections of this work. 

A series of typical equations to illustrate the action ol a number of alkaline mix- 
tures used in alkaline fusions follow: 


MnO: 4-2 KOH. ———— K4MnO; - Πο © (nonoyidizin s) 

Fo0, -- 6 KOH ———— 2 I4FoO0s -+3 MO (nonoxidizinz 

3 MnO -- 4 KNO,g + 2 KOIL ———9 3 J4MnO, - Πιο EF £ NO (oxidizing) 
2 MnO: +- 2 Ca(OlDs + 0: ———> 2 CaMnO, -+ 2 11,0 (oxidizing) 


NaOll -b Fe;O4 4- 3 Nas0s -—-———9 Na30 -EF- 2 NasI'eO, --- NaOIT (oxidizing) 


The cyanide and chloride fusions sometimes encountered in special phases of the 
metallurgy of the less active metals are related to alkaline fusion mixtures. Here too 
one finds the same differentiation into nonoxidizing aud oxidizing mixtures. Thus, for 
exumple, euprous oxide (Cu;O) ean be readily dissolved. by fusion. with potassium eya- 
nide (KCN) to give potassium cuproeyanide (KCu(CN).), better called potassium 
eyanocuprate (I). 

Similar actions are noted in the metallurgy ol sulfide ores of the less active metals. 
For example, in the treatment of cuprous sulfide (CuS) with alkaline sulfides in the 
presence of oxygen from air, the water-soluble thiocuprate is obtained. 

, R. E. KrK 


Organic. In organic chemistry the term alkaline fusion refers to the process in 
whieh an organic compound is fused with eaustic allcali to obtain a desired derivative. 
Tt is most often used to convert an aromatic sulfonic acid, in the form of its salt, toa 
phenol: 

ArSO;Na + 2 NaOH ———> ArONa -+ NaSO; + HO 


2 ArONa + H.uSO,;, ———> 2 ArOlL + NaSO 


Because the process is often accompanied by rearrangements and air oxidations, it is 
not very useful in proofs of structure, but it is the classical method for manufacturing 
various phenols (g.v.). The hydrolysis of chlorobenzene has largely displaced it for the 
synthesis of phenol itself, but æ- and @-naplithol, carvacrol, pyrocatechol, resorcinol, 
and a number of the aminonaphthol dye intermediates arc obtained technically by 
alkaline fusions. The presence of halogen or nitro groups on the aromatic ring renders 
alkali fusions difficult or impossible. One advantago of the fusion process is the sim- 
plicity of equipment required; the principal disadvantage is the considerable consump- 
tion of caustic and acid, 
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It is customary to use iron fusion kettles, fitted with stirrers and with heating sys- 
tems capable of maintaining temperatures up to 350°C. Sodium hydroxide, with a 
little water added, is usually used as the alkali, although lower-melting and less viscous 
mixtures with the more expensive potassium hydroxide have occasionally been recom- 
mended, Ina few instances, as in the manufacture of H acid (see Amino naphthols) 
aud ehromotropie acid. (see. Naphühalenesulfonie acids), a strong aqueous solution of 
eaustic soda has been used in an autoclave at about 200°C. 


NOR Ne OH NT, 
, ΝΑ 
N NaOH, / | 
Πο Tha 79 "i 7808 „H 
Koch acid IT acid 


In practice, the alkali is kept at about 290-340°C., depending on the nature of the 
phenol sought, while the sodium salt of the appropriate sulfonic acid is gradually added. 
Contact with air is kept ata minimum. About three moles of alkali is used per mole of 
salt, When the melt has cooled it is diluted, and the solution is filtered and acidified 
with sulfuric acid. This causes separation of a layer of the phenol, which is refined by 
distillation. 

The manufacture of alizari (qg.v.) from sodium 2-anthraquinonesulfonate 
("silver salt") involves replacement, of both the sulfonie group and an adjacent hy- 
drogen atom by hydroxyl groups. A chlorate or nitrate is usually added as oxidizing 
agent. 


Ω 
| OH 
/S80sNu «ασ T ont 
——3À 
NaClOs 
SN V 
Q 
sodium 2-anthraquinonesulfonate alizarin 


Some aromatic hydroxy acids ean be obtained by air oxidation of side chains in 
methylated phenols during alkali fusion, but the yields are poor. Of more importance 
is tlie conversiou of 2-amiuoanthraquinones and benzanthrones to iudanthrene aud 
violanthrone dyes, respectively, by oxidation during such fusion. A complex but re- 
lated process, now obsolete, is the manufacture of a cruce sodium oxalate by fusion of 
ecllulosic material (sawdust) with sodium hydroxide at about 220-250°C. 

One of the prineipal industrial uses of the less common alkali sodium amide (Na- 
NHL) (sec also Amides; Sodium compounds) is as a dehydrating agent in the manufac- 
ture of indigo (sec Indigoid dyes).  Phenylglyeine when fused with sodium amide 
yields indoxyl, which is readily oxidized by air to indigo νοκ: : 





Hu 
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ALKALOIDS 
General Survey; Manufacture, 507., 


The first section, while not attempting to give an account of every known alkaloid, 
prosents a survey of those that are of importance either for their value in medicine, or 
because they are representative of the interesting heterocyelie systems that oceur in 
nature. The section on manufacture deseribes the principal methods for commercial 
extraction of alkaloids. For uses of certain specific alkaloids, see also such articles as 
Analgesics; Cardiovascular agents; Depressants of nervous syslem; Malaria, chemo- 
therapy of; Stimulants of nervous system. See also Heterocyclie compounds. 


GENERAL SURVEY 


Introduction, 466; Origin of Alkaloids in Plants, 469; Structural Determination, 
471; Classification of Alkaloids in Groups: Ephedra Alkaloids, 473; Purines, 474; 
Pyrrolidine Alkaloids, 475; Pyridine and Piperidine Alkaloids, 476; Areca Alkaloids, 
476; Alkaloids of Hemlock, 477; Lobelia Alkaloids, 477; Pomegranate Alkaloids, 478; , 
Tobacco Alkaloids, 479; Tropane Alkaloids, $79; Coca Alkaloids, 481; Lupinane 
Alkaloids, 481; Quinoline Alkaloids, 483; Angostura Alkaloids, 483; Ciuehona Alka- 
loids, 483; Anhalonium Alkaloids, 485; Hydrastis Alkaloids, 486; Corydalis Alka- 
loids, 486; Alkaloids of Lauraceae and Monimiaccae, 488; Ipecacuanha Alkaloids, 488; 
Berberis and Related Alkaloids, 489; Curare Alkaloids, 489; Erythrina Alkaloids, 491; 
Opium Alkaloids, 491; Lycoris Alkaloids, 494; Indole Alkaloids, 494; Harmala 
Alkaloids, 495; Calycanthus Alkaloids, 495; Rutaccarpa Alkaloids, 495; Alkaloids of 
Yohimbe, 496; Ergot Alkaloids, 497; Strychnos Alkaloids, 498; Alkaloids of the 
Calabar Bean, 499; Alkaloids of Senceio, 500; Quinazoline Alkaloids, 500; Imidazole 
Group—Alkaloids of Pilocarpus, 501; Solanaceous Alkaloids, 501; Alkaloids of Sa- 
badilla and Veratrum, 502; Alkaloids of Colchicum, 5038; Aconite Alkaloids, 503. 


Introduction 


The discovery and isolation of a number of naturally occurring nitrogen buses 
such as morphine, quinine, cocaine, and strychnine, having properties similar to those 
of alkalies in their ability to form salts with acids, led to their designation as alkaloids 
or alkali-like. With the isolation of numerous such substances it carly became neces- 
sary to distinguish between nitrogen bases of animal and of vegetable origin. The term 
alkaloid, at present, is generally accepted as denoting a nitrogen base of vegetable 
origin. In most of the members of this broad class of compounds the nitrogen atom 
forms an integral part of a cyclic structure, althongh exceptious to this rule exist, such 
as ephedrine, hordenine, and mesealine. 

Occurrence, The alkaloids are not widely distributed in the vegetable kingdom; 
they are derived mainly from the angiosperms, the seed-bearing or flowering plants. 
Alkaloids oceur principally in the dicotyledons, characterized by two seed leaves; 
monocotyledons rarely contain them. A fungus (erypotogam) is the unusual source of 
an important group, the ergot alkaloids. Alkaloids may oceur in solution in the cell 
sap and especially in the young parenchymatous tissue. In older tissue (bark) they 
may be stored in the solid state usually in the form of sults (for example, quinine). 
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They are frequently found in the seeds (Anonaceac) and leaves (Solanaeeae and Rubi- 
aceae) of plants, while the roots are the chief sources of the alkaloids af Aconitum, 
Corydalis, and ITydrastis. — As a vule, the alkaloids ave not free in the plant but are 
combined with some acid in the form of asalt. The acids most commonly encountered 
are eitrie, malie, tannie, sueeinie, oxalic, as well as sulfuric, hydrochloric, and phos- 
phorie. In eertain eases a specifie eid is found associated with alkaloids derived from 
a definite souree, such as quinie acid in the cinehona group, aconitic acid in the aconites, 
and meeonie aeid in the opium group. Nareeine and nweotine oecur in the free state, 
probably because of their rather low basicity. Certain alkaloids of the Solenum and 
Veratrum species are remarkable in. that they occur as glycosides united with such 
sugars as dextrose, rhamnose, and galactose. Other modifications are the members of 
the tropane series (eoeaine, hyoseyamino, ete), which are encountered in the form of 
esters of various organie acids such as lropie, atropic, benzoic, and tiele. 

Isolation (sec also “Alkaloids, manufacture of,” 507). In the recovery of alkaloids 
from plants, the finely ground, air-dried material is extracted cither with dilute hydro- 
chloric or sulfuric agicl in Lhe ease of the relatively stable alkaloids and, after neutraliz- 
ing with lime or sodium carbonate, the liberated bases are taken up in chloroform or 
ether. It is sometimes preferable to use alcohol or some other suitable organic solvent 
in the initial extraction if hydrolysis or other structural alterations are to be avoided. 
The liberation of the alkaloids or their salts from the planis is invariably accompanied 
hy such impurities as plant pigments, carbohydrates, and resius, After the organic 
solvent has been removed (preferably Zn vacuo), the residue is taken wp in dilute sulfuric 
acid and the basic material liberated by animonium hydroxide or sodium carbonate 
aud extracted with ether or chloroform. The solutions yield the crude alkaloids on con- 
contration. Oecasionally, if the bases are volatile (nicotine, comine), the finely divided 
material is treated with lime and the basic substances are recovered by steam distilla- 
tion. The erude alkaloids are then purified by recrystallization of the free bases or of 
their salts. When excessive colored impurities are present, adsorbing agents such as- 
activated carbon may be utilized. However, this should be done cautiously, since cer- 
tain alkaloids are strongly adsorbed on this substance and may escape detection in the 
filtrate; on a large seale, this may result in lowered yields. In the mannfacture of 
cocaine (102), the colored impurities are often removed by oxidation of a cold (5°C.) 
dilute sulfuric acid solution of the crude bases with potassium permanganate. The 
low temperature of the solution is essential in order to avoid destruction of the alkaloids 
themselves. When several alkaloids occur in the same plant, the individual members 
are generally separable by virtue of the differences in solubility of their respective salts. 

Teneral Properties. The alkaloids are generally composed of the four elements 
carhon, lrydrogen, nitrogen, and oxygen, hut a few alkaloids are known, such as coni- 
ine, nieotine, aud eonessine, that contain no oxygen. As a class, alkaloids are well 
erystallized, colorless substances (berberine, however, is yellow). Liquid alkaloids 
exist, and these are confined principally to the hygrine, coniine, and nicotine groups. 
The majority of alkaloids are optically active, rotating the plane of polarized light to 
the left (levorotatory), though a few, such as eoniiue, cinchoniue, laudanosine, pelle- 
tievine, ancl pilocarpine, are dextrorotatory, and others like berberine ancl papaverine 
are optically Inaetive, They often exerl a marked physiological action on the animal 
organism, Most alkaloids form crystalline salts that ave useful in isolating or purifying 
the base in question. "he acids generally used are sulfuric, oxalic, perchloric, tartaric, 
salicylic, or the halogen acids. Methyl iodide reacts with most alkaloids to give so- 
called addition products that are, as a rule, well crystallized. If the nitrogen atom is 
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secondary (NH), the N-methyl hydriodide derivative is formed, whereas with a 
tertiary uitrogen (z2N) the methiodide is produced. 

Alkaloid Reagents. Whenever it is necessary to detect the presence of or to 
identify alkaloids in the free state or in solution, a number of substances, known col- 
lectively as alkaloid reagents, are employed. Two types are recognized: (a) precipi- 
tants; and (b) color reageuts. The precipitating reagents, as a class, combine with 
alkaloids (preferably in solution as the salt) to give sparingly soluble addition products 
mostly of indefinite composition. A few crystallize in a definite form that renders them 
useful in the microscopic detection and characterization of the alkaloids. It should 
always be kept in inind, however, that these reagents will, under certain conditions, 
precipitate proteins and glycosides as well. The chloroaurates and chloroplatinates, 
beeause of their usually constant composition, are often employed in analytical work, 
as for determining mmpirical formulas for hitherto unknown alkaloids, The more 
widely used precipitating reagents are as follows: 

Mercurie iodide dissolved in aqueous potassium iodide (Mayer) produces a pale 
yellow, flocculent precipitate with virtually all alkaloidal salts. Some alkaloids will 
combine best with the reagent in nearly neutral solution, others will precipitate tom- 
pletely in slightly acid media, while à few require a strongly acid solution. The alka- 
loids may þe recovered from their addition products by suspending the latter in water 
and treating with hydrogen sulfide. After removal of the mercuric sulfide, the filtrate 
is basified and the alkaloid extracted with a suitable selvent. 

Phosphomolybdie acid (Someuschein), prepared by treating a solution of sodium 
phosphomolybdate with nitric acid, produces a white precipitate with solutions of 
nearly all alkaloidalsults. Treatment of the precipitate with alkali liberates the alka- 
loid. Phosphotungstic acid (Scheibler) acts in a similar manner. 

Picrie acid (Hager) often yields well-defined, crystalline precipitates with solu- 
tions of alkaloidal salts. Sometimes the resulting picrate is amorphous and even oily. 
Recovery of the alkaloid from the pierate involves treatment with alkali and extraction 
of the liberated base with ehloroform or ether. 

Pierolonie aeid (Knorr) is a useful reagent for alkaloids because of the character- 
istically erystalline precipitates it yields. As a rule, the reagent is employed in alco- 
holie solution aud combines with the alkaloid mole for mole, though quinine requires 
two moles of the acid. 

Potassium tri-iodide (Wagner) yields reddish-brown or nearly black precipitates 
with alkaloidal salts depending upon the concentration of the solition. The precipi- 
tates generally consist. of complex polyiodides. . 

Cadmium potassium iodide (Marme) may be employed to precipitate alkaloids 
from dilute solutions in sulfuric acid. However, this must be done cautiously since the 
precipitates are ofteu soluble to an appreciable extent in excess of the reagent. 

Bismuth potassium iodide (Dragendorff) frequently gives characteristic, erystal- 
line addition compounds with alkaloids. 

The use of a solution of silver iodide in concentrated aqueous potassium iodide has 
been introduced (87,88) as a rather sensitive reagent for alkaloids. The iodoargentates 
ure reported to crystallize well und melt sharply. 

The application of chromatography (q.v.) to the separation of alkaloids is rather 
new, and has been applied with some success in the opium group (48,49,91). 

The color reagents are best divided iuto three groups: (a) those that produce a 
color by virtue of their deliydrating powers, for example, concentrated sulfuric acid, 
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zine chloride, and phosphoric acid; (b) certain oxidizing substances that yield colors 
owing to some alteration of the alkaloid molecule, for example, nitric acid, chlorine, or 
bromine; and (e) those substances that themselves become colored or change color 
owing to the reducing action of the alkaloid, for example, reagents containing molyb- 
die, chromic, or vanadic acids. In general the color tests are best applied on the resi- 
due left upon evaporation of a satuple of an alkaloidal sohition in a porcelain dish by 
treating with afew drops of the reagent and warming if necessary, In the ease of 
morphine, diazotized sulfanilic acid (p-diazobenzenesulfonie acid) (Lautenschlüger) 
may be used and the concentration of the alkaloidal solution determined with a 
colorimeter (104). 


Origin of Alkaloids in Plants 


The view that the primary products of assimilation, in plants, are the same for the 
synthesis of proteins and for alkaloids was expressed by Gadamer (27). “When 
assimilation is intense,” he suggests, “alkaloids are produced, but during periods of 
diminished assimilation the enzymes which assist in the synthesis of proteins may 
break down the alkaloids, the disruption products serving in the formation of the pro- 
teins.” This association of protein metabolism and alkaloid degradation in plants is 
unusual in view of the rather small proportion of alkaloid-bearing species in the plant 
kingdom. Another theory regarding biogenesis of alkaloids is that of Pictet (59,60,61), 
who suggested that alkaloids are waste products and are produced in plants in two 
successive stages involving (a) disruption of complex nitrogenous substances such as 
protein or chlorophyll with production of relatively simple fragments, and (b) the 
recombination or condensation of these fragments with other substances present in the 
plant through seconclary reactions such as the methylation of hydroxyl (—OH) and 
imino (=NH) groups by the intervention of formaldehyde. If the view that the alka- 
loids are indeed waste products is accepted, it might then be argued that the metabolic 
processes in plants are analogous to those that obtain in the animal organism in which 
simple waste materials, such as p-cresol and glycine, are linked with sulfuric acid and 
benzoic acid, respectively, to produce conjugated p-cresol-sulfuric acid and. hippuric 
acid. 

Rohinson (66) is responsible for a brilliant theory regarding phytochemical syn- 
theses, hy means of which he has sought to account for the formation of nearly all of the 
important types of alkaloids through reactions involving substances and conditions 
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known to exist in the plant. He indicates that practically the whole of the work upon 
which his views are based could be traced to two important reactions by means af 
which union between carbon and carbon could be brought about: (a) the aldol con- 
densation (CH;CHO + HCH,CHO — CH;CH(OH)CHsCHOQ); (b) the condensation 
of an aldehyde or ketone with ammonia or an amine to an alcamine =N—C(OH)}= 
and the subsequent reaction of this with substances containing the group =CH--COQ— 
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to form -=N—C—C—CO—. He demonstrated, for example, that the condensation af 
cotarnine (1) with acetone to cotarnineacetone (2) proceeded almost to completion 
in aqueous solution at room temperature. 

Since the starting materials for the phytochemical syntheses must originate in the 
pluit, the following substances, according to Robinson, are to he considered. as most 
important: ammonia, formaldehyde, lysine, ornithine (the latter probably resulting 
from the hydrolysis of arginine), and degradation products arising from carbohydrates, 
particularly citric acid, that ean yield acctoncdicarboxyli¢ acid upon oxidation, thus 
accounting for the required acclone complex. Tt was, moreover, pointed out that 
formaldebyde has both a methylating and an oxidizing effect on amines, and hence on 
amino acids aswell; thus the formation of suecinaldehyde from ornithine might be 
explained as follows: 

NERCILCH CI ECH(N H.)COOH + 2 CHO ——> OCH.CH.CIHiCHO + 2 CIENEH, 4- CO, 


Proceeding on this hypothesis, he devised a remarkably clever synthesis of tropinone 
which was a model of simplicity compared with the involved synthesis, by Willstätter, 
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of the closely related tropidine. After succinaldelyde (8), methylamine (4), and ace- 
tone had stood thirty minutes in alkaline solution at room temperature, the presence 
: of tropinone (5) could be detected. When calcium avetonedicarboxylate was substi- 
tuted for acetone, the resulting dicarboxylic acid yielded tropinone ou decarboxylation. 
In these early experiments, the coudensations were carried out in a strongly 
alkaline medinm, while the decarboxylation required conditions hardly possible im 
plant physiology. In more recent work, Robinson (68) and especially Schópf (70), 
Hahn (34), and their co-workers have introduced the use of buffered solutions of care- 
fully controlled pH with extraordinarily good results. In the condensation of glutar- 
aldehyde with methylamine and acetonediearboxylie acid in a buffered solution of pH 7 
at 25°C., Schdpf (73) isolated pseudopelletierine (32) in excellent yield. Sehöpf has 
also carried out the condensation of o-anuinobenzaldehyde with eaproylacetic acid at 
25°C., and isolated 2-n-amylquinoline in good yield (72). This would secem to suggest 
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the possible biosynthesis of the quinoline ring system present in a number of the angos- 
tura alkaloids. Similarly, tryptamine (6) (probably arising from tryptophan) with 


acetaldehyde (7) yielded tetrahydroharman (8), containing the inportant ring system 
present in the yohimbine group (84). - 
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It is also interesting to note that Schépf (71) has recently obtained experimental 
evidence, which appears to support the early suggestions of Winterstein and Trier 
(106) and of Barger (3), regarding the possible formation of the isoquinoline alkaloids 
from phenylalanine or derivatives thereof. The eondensation of dilute solutions of 2- 
(3,4-dihydroxyphenyl)ethylamine hydrobromide (9) with homopiperonal (10) at 25° 
and pH 4~7 resulted in a 77% yield of 1-(3/,4’-methylenedioxybenzyl)-6,7-dihydroxy-' 
1,2,3,4-tetrahydroisoquinoline (11), a substance related to norlaudanosine. 


Structural Determination 


Any investigation directed toward elucidating the structure of an alkaloid in- 
volves, first of all, the isolation of either the free base or a suitable salt of it in pure 
form. In the purification of optically active bases or salts, recrystallization to constant 
optical rotation is desirable. In the absence of optical activity, a constant (sharp) 
ineltiug point, boiling point, or refractive index may be indicative of homogeneity. 
Pure specimens are necessary in order that an empirical formula may be calculated 
from the data obtained by elementary analysis. The information derived from the 
empirical formla, together with the knowledge of the botanical source of the alkaloid 
may, in certain cases, indicate possible routes to the solution of its constitution. 
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Hydrolyzing agents are frequently employed carly in structural determination. 
When heated with water, dilute alkali, or acid, many of the vegetable bases break down 
into a characteristic alkaloidal (nitrogen-containing) part and a nitrogen-free portion. 
Thus piperine gives rise to piperidine and piperic acid on hydrolysis, while atropine 
yields the base tropine and tropic acid. The rarer alkaloidal glycoside, solanine, for 
example, is hydrolyzed by warm acids to solanidine and a mixture of sugars. It is well 
to keep in mind the faét that deep-seated structural alterations are sometimes encoun- 
tered during hydrolytic treatment. Thus, the lactone rings in hydrastine and narco- 
tine are rather easily split, while thebaine undergoes profound alteration on being 
warmed with dilute hydrochlorie aeid, and the ergot alkaloids break down to lysergic 
acid (or its amide, ergine) aud various lesser nitrogen-coutaining fragments. 

Whenever oxygen is present in the molecule, its function as an. aleoholie or phe- 
nolie hydroxyl may he determined in the usual manner by acetylation or benzoylation. 
In certain cases an alcoholic hydroxy group, properly situated, may be removed by 
means of dehydrating agents such as glacial acetic acid in sulfuric acid (as in the con- 
version of tropine to tropidine) or by treatment with phosphorus pentachloride and 
subsequent removal of hydrogen chloride with alcoholic potassium hydroxide (asin the 
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conversion of quinine to quinene), The resulting unsaturated compounds are often 
more reactive than the original alkaloids and can be degraded further in à variety of 
ways. Solubility in sodium bicarbouate or ammonium hydroxide indicates a free 
carboxyl group (narceine), and this may be verified by esterification. Carbonyl groups 
(eryptopine) are demonstrable by standard methods, while lactone (hydvastine) or 
lactam (trigonelline, hypaphorine) groups ean be established by hydrolytie reageuts. 
The oxygen may also occur in an ether (methoxy) or acetal Quethylenedioxy) linkage. 
The quantitative estimation of a methoxy group involves boiling the substance with 
concentrated (57%) hydriodic acid and determining the amount of methyl iodide liber- 
ated with aleoholie silver nitrate (97). Methylenedioxy groups may he estimated by 
the method of Gaebel (29,75), which consists essentially in heating the alkaloid with a 
mixture of phloroglucinol and 40% sulfuric acid. The liberated formaldehyde com- 
bines with the phloroglucinol to yield a voluminous, red precipitate, which can be 
filtered and weighed. If the alkaloidal ring system is stable, the corresponding di- 
hydroxy compound may he isolated. 

The incidence of the methylimino group (methyl attached to nitrogen) is quite 
high in alkaloids, and the estimation of this group is based upon the observation that at 
200-300?C. the hydriodide of the alkaloid quantitatively splits out methyl iodide, 
which may be absorbed in alcoholic silver nitrate and weighed as silver iodide. A 
scheme for the determination of methoxyl in the presence of methylimino groups is 
due to Herzig and Meyer (36). The method depends upon the fact that the methoxy 
group is hydrolyzed at the boiling point of hydriodie acid (127°C.), while the N- 
methyl group is not split until temperature of 200°C. or above is reached. In some 
cases the methyl group attached to the nitrogen may he replaced by hydrogen through 
reactions involving potassium permanganate (tropine series) or cyanogen bromide; 
with both reagents tle secondary amine is formed. As a rule, the nitrogen atom in 
alkaloids forms part of a ring system and is either secondary or tertiary. Occasionally, 
distinetion between the two requires considerable effort. 

One of the most important and widely used tools in alkaloidal structure deter- 
minations is the technique known as “exhaustive methylation” or Hofma degrada- 
tion, This method rests upon the tendency of quaternary ammonium hydroxides to 
decompose, under the influence of heat, with the loss of water and simultaneous fission 
of a carbon to nitrogen linkage. Judicious use of this method frequently discloses the 
earbon framework of the alkaloid, which is of great importance. As examples, the 
following two degradations may be cited: in the case of an acyclic tertiary amine, a 
single methylation and decomposition results in the elimination of nitrogen as tri- 
methylamine: 


RCHCHN (CH: ——> RCH:CH:N (CII ——— RCH,CH2N(CHa),0H --—-> 
RCH:CH2 + N(CH} + H0 


With the simple heterocyclic compound N-methylpyrrolidine (12), two successive 
methylations and decompositions arc necessary before the four-carbon skeleton (18) 
is revealed. A few complex alkaloids exist (for example, berberine (67)) in which 
the nitrogen atom is a member of two adjacent rings simultancously, thereby requiring 
three successive methylations and decompositions for the elimination of this element. 

Since the Hofmann technique cannot be employed with all types of alkaloids (un- 
hydrogenated pyridine, quinoline, and isoquinoline derivatives are unaffected), use is 
frequently made of the Emde degradation, which consists in treating an aqueous or 
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alcoholic solution of the quaternary halide with sodium amalgam. In sume cases the 
same degradation product results; frequently reduction occurs, and the final product 
may consist of a mixture of reduced and unreduced material. 
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Von Braun has introduced two other methods for opening earbon-nitrogen rings. 
One is more or less specific for secondary amines and consists in treating the benzoyl 
derivative of the amine with phosphorus halides (85). The second makes use of eyan- 
ogen bromide (86), and is of interest because it frequently yields definite results with 
those compounds not affected by the Hofmann method and eauses seission at some 
other poiut in the ring. 

The investigation of oxidation products often yields information regarding the 
ehemieal arehitecture of alkaloids. Mild oxidizing agents (lead tetraacetate, alkaline 
ferricyanide) may cause only partial dehydrogenation or degradation that may be a 
useful preliminary for other experiments, The stronger reagents (alkaline permanga- 
nate, chromic acid, nitric acid) generally lead to small, but stable, fragments of the 
original substance, By careful control of the temperature and concentration, it is 
possible to effect different degrees of oxidation, which may be desirable in certain eases. 
Distillation over hot zine dust brings about profound degradation. Thus morphine 
yields phenanthrene, cinchonine gives quinoline and picoline, stryehnine gives ear- 
bazole, and yohimbine results in harman (1-methyl-0-pyrid [3,4-b] indole) (89). Carefid 
consideration of the fragments obtained by the above methods, keeping in mind the 
possibility of rearrangements, generally leads to plausible structural postulations, 
which, of course, can be verified only by synthesis. 


Classification of Alkaloids in Groups 


EPHEDRA ALKALOIDS 


The remarkable Chinese drug, Ma-huang, has long heen employed by the Chinese 
in the treatment of various maladies. Tt has heen suggested that the drug consists of 
more than oue Ephedra species, and it is probably made up largely of E. sinica eud E. 
equisetina. Six bases have so far been characterized, though others probably exist. 
Of those known, Lephedrine is the most prominent. l-Ephedrine, CyHisNO (14), 
forms a hemihydrate, m.p. 40°C. (anhydrous 38°C.), b.p. 225° or bes 152-153°, [α] Ὦ 
—6.3" (alcohol). The base may be partially transformed into its diastereoisomer, 
pseudoephedrine, by heating with 25% hydrochloric acid. This process is reversible. 
Pseudoephedrine, CyH:;NO (15), forms prisms, m.p. 118-119?C., [a] --51.2? (aleo- 
hol). l-Norephedrine, CHNO, m.p. 51?C., bs 167-168°. The hydrochloride 
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(B.HCI), m.p. 1739, shows [o] p —33.1? (water). This base lacks the N-methyl group 
of ephedrine. d-Nerpseudoephedrine, CyHisNO, erystallizes in plates, m.p. 77°C., 
lelp +37° (Qnethanol), In common with the -nor isomer, this substance lacks the N- 
methyl group of pseudoephedrine. M-Methylephedrine, Cu Hi: NO, needles, i.p. 87 
88?C., hj 137-139?, [o]p —29? (methanol). In this base the nitrogen atom carries a 


OH NHCH, H NECH: 
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(14) Ephedrine (15) Pseudoephedrine 


second methyl group... d- N-Methylpseudoephedrine, CuIT; NO, needles, m.p. 30*C., 
Da 145°, [a]p +48° Qnethanol), is prepared by N-methylation of pseudocphedrine, 
Like epinephrine (or Adrenalin), ephedrine exhibits pressor and vasoconstrictor prop- 
erties, but to a smaller degree, Since it appears to be more stable than epinephrine, 
the drug may be given orally. The base stimulates the respiratory centers and dilates 
the bronchi, as well as the pupil of the eye. Pseudoephedrine is generally similar to 
ephedrine in its action. 


THE PURINES 


The alkaloids that occur in coffee and cacao beans, as well as in tea leaves, are 
known, collectively as purine bases since they are all derivatives of the same parent 
substance, purine (16). Many of these alkaloids are also derivatives of xanthine (17), 
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which is 2,6(1,3)-purinedione or 2,6-dihydroxyparine. Although purine docs not occur 
free in nature, it has been synthesized, and represents the fundamental ring system of 
several products elaborated by plant and animal organisms, notably uric acid, which is 
2,0,8(1,3,9)-purinetrione or 2,6,8-tribydroxypuriue. Caffeine (q.v.), CsHisNuQ. (18), 
the principal alkaloid of coffee and tea, is found also in kola nuts and in cacao beans. 
Coffee beans may contain about 1% of caffeine, tea leaves 2-4%, and kola nuts up 
to 8%. The alkaloid crystallizes from water in needles as the monohydrate; an- 
hydrous from aleohol, benzene, or chloroform. The hydrate loses water at 100°C. and 
the anhydrous base melts at 234-235°. As a very weak inonoacidic hase, its salts are 
readily hydrolyzed in hot water. lts structure as 1,3,7-trimethylxanthine or 1,3,7- 
trimethyl-2,6-dihydroxypurine has been confirmed by synthesis from uric acid (22). 
Theobromine, C7HsNy0. (19), is closely related to caffeine and occurs in cacao beans 
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to the extent of 1-205. Small amounts are also present; in tea leaves and in kola nuts. 
The base forins microscopic needles that sublime unchanged at 290-295°C.,, nip. 330° 
(under pressure). The alkaloid has been ayuthesized and: shown to be 3,7-dimethyl- 
xanthine or 3,7-dimethyl-2,6-dihydroxypurine (see Chocolate and cocoa). 'Theophyl- 
line, C;HgNsO2 (20), is isomeric with theobromine and occurs in small quantities in tea 
leaves, From water, the base erystallizes as the monohydrate; after drying at 100°C., 
the m.p. is 264°. Its constitution as 1,3-dimethylxanthine or 1,3-dimethyl-2,6-di- 
hydroxypurine has been demonstrated synthetically (sce Tea). Xanthine, CsHyN.O> 
(17), colorless, microcrystalline powder, in.p. 150°C, (dec.), occurs in small amounts in 
tea leaves, in the actively growing tissues of sprouting lupin seedlings, as well as iu beet 
juice. It has been prepared synthetically. Adenine, C5H;N;.3 ILO (21), crystallizes 
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in necdles that melt at 365°C. The base, though not too widely distributed in plants, 
oceurs in tea leaves and in beet juice. It may also be obtained from nucleic acid by 
hydrolysis with mineral acids. Tts constitution as 6-aminopurine bas been coufirmed 
by synthesis. Guanine, C,H,N;O (22), colorless, microcrystalline powder, m.p. 
360°C. (clee.), has heen found in sprouting lupin seeds as well as in misty leguminous 
plants. Like adenine, it is a constituent of nucleic acid and may be obtained from the. 
latter by the hydrolytic action of mineral acids. Structurally, the base is 2-amino- 
6(1)-purinone or 2-amino-6-hydroxsypurine and this has been demoustrated syn- 
thetieally. 


PYRROLIDINE ALKALOIDS 


Hygrine, CsHisNO (28), a monacid base, be 02-949C., b; 103-1955, di! 0.940, 
le]p —1.3?; pierate, m.p. 158?; oximo, m.p. 116-120°. Cuskohygrine, Cy;HN2O 
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(24), bs 169—170? C., d" 0.9769, optically inactive; hydrobromide, m.p. 284^; oxime, 
nip. 53-54?. Both this and the preceding base are found in Peruvian eoca leaves. 
The structure for hygrine was confirmed by Hess’ synthesis (37), and the accepted 
structure for cuskohygrine is di(2- N-mothylpyrrolidyl)acetone. Stachydrine, C;H;- 
NOs, orange leaves, m.p. 235°C.; hydrochloride, transparent prisms, m.p. 235? C.; it 
occurs in the roots of Staehys tuberifa and in lucerne hay. It is the betaine of proline 
(2-pyrrolidinecarboxylic acid). Betonicine, CyHi;NOs, m.p. 243-244°C. (dee.), [αἰ 
—86.6?; echloroaurate, m.p. 281-242?C. (dec.). Turicine, CzH33NOs, m.p. 249°C. 
(dec.), [aly +36.26°; chloroaurate, m.p. 282°C. (dec.). Betonicine and turicine ap- 
pear in Betonica officinalis and in Stachys sylvatica, respectively, and are stereoisomeric 
‘betaines of hydroxyproline. Carpaine, CuHsNO, (25), m.p. 121°C., volatile at re- 


476 ALKALOIDS 


duced pressures, Jelp +21.9° (aleohol); chloroaurate, yellow needles, m.p. 205°C, ; 
N-acetyl derivative, m.p. 114°; it appears in the fruit, seeds, and especially the leaves 
of the pawpaw, Carica papaya. Tt lowers pulse frequency, depresses the central nerv- 
ous system, and has been credited with amebacidal properties. The structure pro- 
posed (25) is indicated (7). Carpasemine, CawN2S, m.p. 165 ος. is included here be- 


H: 
aC j He 
TI, 3 
Uu o η aC i N H; 
HC tte Ld 
Πας. CH—— C— (CH3s 0 — CH= CH—- CH= CH—CO. 
τ΄΄ | 
H CH; 
(25) Carpaine (26) Piperine 


cause it is found in dried papaya secd as high as 0.85%, though it is not a pyrrolidine 
alkaloid. It has been identified as benzylthiourea, CsHsCHyNHCSN Hp (55). 


PYRIDINE AND PIPERIDINE ALKALOUDS 


N-Methylpyridinium hydroxide, CHa NO, a strongly alkaline, odorless, non- 
volatile liquid, was isolated from crab extract; it appears in uriue after smoking or tak- 
ing coffee or Following the ingestion of pyridine salt. It possesses curare-like properties. 
Piperidine (hexahydropyridine), CsHuN, long known from synthetic sources, has becn 
isolated from Petrosimonia monandra, where it occurs naturally as high as 1.83% (96). 
It appears as the amide of piperic acid in piperine, Cz Hi NO; (26), monoclinie needles, 
m.p. 128-129.5°C., which is found in various pepper species, the value of the spice be- 
ing rated somewhat by the amount of the piperine present. Its amide structure pe- 
comes apparent from its hydrolysis into piperidine and piperie acid, and the resyn- 
thesis from piperidine and piperoyl ehloride. | Piperovatine, CiElaiNOs, colorless nee- 
dles, m.p. 123°C., occurs in Piper ovatum. It forms no salts. When heated with water 
to 160°C., it forms a volatile base, probably a pyridine derivative, an acid, aud an oil 
like that of anisole. Ricinine, CaHgN.O2 (27), prisms, m.p. 201.5°C., subliming 170- 
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180°C. at 20 miun., occurs in Ricinus comnmuunus, the castor bean. It has been identi- 
fied as 1-methyl-3-cyano-4-methoxy-2(1)-pyridone. — Trigonelline, C;E;NO, (28), 
m.p. 218?C. (dec.), is the betaine-like derivative of nicotinie aeid (3-pyridinecarboxylic 
acid). Widely distributed in nature, it was first isolated from the seeds of fenugrec, 
Trigonella foenugroecum. 


ARECA ALKALOIDS 


The alkaloids of the betel nut, Areca catechu, are derivatives of tetrahydronico-. 
tinic acid. Guvacine, CeHsNO,, 1,2,5,6-tetrahydronicotinie acid, prisms, m.p. 271- 
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972°C. Tsoguvacine, probably 3,4,5,6-tetrahydronicotinic acid (or possibly a pyrrole 
derivative), m.p. 220°C. Guyaeoline, CrHy NOs, methyl ester of guvacine, colorless 
oil, big 114°C.; hydrobromice, in.p. 144-145°; chloroplutinate, goldeu leaflets, m.p. 
211°. Areeaidine, C;Hi; NO», 1-methyl-1,2,5,6-tetrahydronieotinie acid, m.p. 222? or 
232°C.; hydrochloride, m.p. 261? (dec.); chloroplatinate, m.p. 225-220? (dee.). 
Arecoline, CsHysNOs, methyl ester of arecaidine, odorless basie oil, b.p. 209°C.; hydro- 
bromide, m.p. 170-171°; chloroplatinate, orange-red rhombs, m.p. 476°. This is the 
chief arcea alkaloid and the only one to exhibit appreciable toxie properties. It belongs 
pharmacologically to the musearine-pilocarpine group. It has been variously em- 
ployed as sialagog, diaphoretic, and anthelmintic. 


ALKALOIDS OF HEMLOCK 


Hemlock juice, long kuowu for its toxie properties, has yielded five alkaloids: d- 
Coniine (2-n-propylpiperidiue), C4ELzN, has a pungent odor and burning tasto, m.p. 
~2°C., b.p. 166-167°; d° 0.8626, d® 0.8484, nB 1.4505, [e]} +15.7°; hydrochloride, 
m.p. 220°, la K? +10.1°; chloroplatinate, orange erystals, m.p. 175°. Coniine wus 
the first of the natural alkaloids whose synthesis was duplicated in the laboratory (46). 
d-N-Methyleoniine, colorless oil, b-p. 173-174°, d™ 0.8318, [a] +81.33°; hydro- 
chloride, m.p. 188°; chloroplatinate, m.p, 158°. l- V-Methylconiine, colorless oil, b.p. 
175-176°C., cop 0.8349, [a] —81.92°; hydrochloride, m.p. 191-192°; ehloroplati- 
nate, m.p. 153-154?. Conhydrine (2-(1-hydroxy-x-propyl)piperidine), CsHiNO, 
coniine-like odor, r.p. 121°C., b.p. 226°, Jelp +10°; benzoyl derivative, m.p. 132?; 
chloroaurate, m.p. 133°. Pseudoconhydrine (probably 2-n-propyl-5-hydroxypiperi- 
dine), CeEGzNO, needles, m.p. 105-106?C., b.p. 236-236.5°, [alp +10.98°; hydro- 
chloride, m.p. 212-213? ; ehloroplatinate, golden needles, m.p. 185-186?. --Coniceine 
(1,4,5,6-tetrahydro-2-n-propylpyridine), CsAisN; contine-like oil, brs 171-172°C., 
d! 0.8740; hydrebromide, m.p. 189°; chloroplatinate, m-p. 192°. 


LOBELIA ALKALOTDS 


The alkaloids from Lobelia inflata are 2,6-disubstituted derivatives of piperidine. 
Their biogenesis has been explained, for example for lobelanine (30) from glutaral- 
dehyde (29), methylamine, and benzvylacctic acid (73). Either or both carbonyl groups 
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may subsequently be reduced te —CHOH. The chicf alkaloids include: Lobeline 
(1-methyl-2-pheuacyl-6(2-hydroxy-2-phenylethyl)piporidiue), CaHsNOs, m.p. 136- 
131?C.; hydrochloride, rosette needles, m.p. 182°. Lobelanine (1-methyl-2,6-diphen- 
aeylpiperidine), CaHa; NO», rosette needles, m.p. 92?C.; hydrochloride, m.p. 188? 
(dec.); dioxime, m.p. 209? (ἆοο). Norlobelanine, C4H4NOs m.p. 120-121?C.; 
hydrochloride, m.p. 201-202°. Lobelanidine (1-mothyl1-2,6-di(8-hydroxy-8-phen yl- 
ethyl)piperidine), CaHaNO», seales, m.p. 150°C.; hydrochloride, m.p. 135-1389; 
dibenzoyl derivative, m.p. 109-110°; the base forms lobeline on oxidation with acid 
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permanganate. Norlobelanidine, Ca Ha NOs, m.p. 120?C.;. hydrochloride, m.p. 244? 
(dee.). Lobinine (probably i-methyl-2-(8-hydroxy-n-propyD-7-phenacylhexahydro- 
azepine), CigHa;NOs (31), hydrochloride, m.p. 144?C. (dee.), [ejp —100.1?; chloro- 
platinate, m.p. 100? (dee.); hydrochloride of dibenzoyl derivative, m.p. 146-147^; 
hydrochloride of oxime, m.p. 182°. Lobeline, the most active of the lobelia alkaloids, 
is classified pharmacologically with nicotine. It first excites, then paralyzes, the 

ganglia of the involuntary nervous system. : 


POMEGRANATE ALKALO[DS 


The root bark of the tropical Asiatic tree, Punica granatum, employed more or less 
widely in the past as an anthehnintie, has yielded a scries of four alkaloids, the most, 
important of which is pscudopelletierine. Pseudopelletierine (9-methyl-3-granatanin- 
one, N-methylgranateuine), CoxHyNO (82), crystallizes in tablets, m.p. 48°C., b.p. 
246°, optically inactive. Structural investigations have demonstrated that the alka- 
loid is made up of two piperidine rings having nitrogen and two carbon atoms in com- 
mon, thus relating it to the tropane alkaloids (see p. 479). The base can be converted 
through a series of reactions 1o granatanine (38), the parent member of the series (12). 
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The revelation of the unbranched, cight-carbou ring syste of the alkaloid was a- 
chieved by Willstéitter (93) in his degradation of pseudopelletierine to 1,5-cycloocta- 
diene. Pseucopelleticrine has been synthesized by two somewhat related methods 
(53,73) (see also p. 470). Pelletierme, CsHisNO (34), is a colorless, alkaline, optically 
inactive oil, ha 106°C., whieh resinifies on long exposure; hydrochloride, B.HCl, m.p. 
143-144°. Lt has heen shown that pelletierine is -2-piperidylpropionaldehyde and, 
as such, can readily be converted to di-coniine (see p. £77) by reduction of the alde- | 
hyde group. Isopelletierine, CsHisNO (35), is an optically inactive oil, by 102-107°C. ; 
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picrate, mp. 147-148°. Methylisopelletierine, CoHyNO (85), is a water-soluble, 
strongly alkaline oil, bes 114-117°C. The optically inactive, tertiary base has a methyl 
group attached to the nitrogen atom; picrate, m.p. 158°. The two preceeding alka- 
loids have been synthesized. The anthelmintic properties of pomegranate bark are 
thought to be duc principally to pelletierine, which las been employed às the tannate 
or sulfate to combat tapeworm, 
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TOBACCO ALKALOIDsS 


From the bases of tobacco species have been isolated simple compounds such as 
trimethylamine, pyrrolidine, N-methylpyrrolidine, piperidine, and 2,3/-dipyridyl 
(2,3’-bipyridine) (83). Nicotine, ποιο (36), colorless oil, bra.s 246.1°C., 1» 
1.00925, [a i$ — 1608.5?; monohydrochloride, [a]p 4-102.29; dipierate, m.p. 224?; it 
is the best, known af the tobacco alkaloids. Structurally it is composed of both a five- 
and a six-membered heterocycle, as established by synthesis (79). Nornicotine, 
CoN, first prepared by the demethylation of nicotine, has been found to oecur 
naturally in various tobaecos (14); it is the predominating alkaloid in Nicotiana 
sylvestris, a milder tobaeeo (51). It is isolated as the impure levorotatory form (per- 
haps racemization occurs during isolation and purtfiention), but pure isomers have been 
prepared. Optically pure /-nornicotine, [a |i} —88.8°; dipierate, m.p. 191-192°; N- 
methylation yields pure nicotine, A d-nornicotine is found in a solanaceous plant 
from Australia; when purified [o] 4-86.3? (79). -Anabasine (nicotimine) (2-(3'-pyri- 
dyl)piperidine), CaoHaNs, [o]5 ~82.45°; dipicrate, m.p. 198--199° (dec,); it hag been 
isolated in partially racemizecl form from the tobacco alkaloids, and since -anabasine 
is difficult to racemize, it is presumed that the di-alkaloid is synthesized in the plant. 
di-Anabasine ìs found in Anabasis aphylla (54). . N-Methylanabasine, Ci Hy Ns, first 
known from synthetic sources, was subsequently found as one of the minor alkaloids 
in crude nicotine (78). Anatabine, CyEHpNe, is found as the optically impure levo- 
rotatory form. It readily takes up hydrogen to form unabasine. The structure 
assigned to it is 2-(3'-pyridyl)-1,2,3,4-tetrahydropyridine (78). Nicotyrine (1-methyl- 
2-(3’-pyridyl) pyrrole), CisHwNe, b.p. 280-281?, dq? 1.124; pierate, m.p. 1Τ0-1Τ15; 
it has been isolated from tropieal tobaecos and may also be obtained by oxidizing 
nicotine with potassium ferricyauide or silver oxide. Nicoteine (presumably 1-methyl- 
2-(3’-pyridyl) dihydropyrrale), CwHyNae, b.p. 266-267°C., lalp —46.41°; levorotatory 
salts. Isonicotine, CioHy»Ne, viscous colorless liquid, b.p. 293°C., df 1.0984, nf 
1.5794, optically inactive, has been isolated from Turkish tobaccos, 

- From the products formed during the smoking of tobacco, eight definite bases 
have been isolated (77). Of these, myosmine (meaning strong mouse-like odor) (2-(3’- 
pyridyl)-4,5-dihydropyrrole), CyHayNe, picrate, m.p. 178°C., and the three isomeric 
sokratins (a-sokratin, picrolonate, m.p. 104°C.; g-sokratin, pierolonate, m.p. 130°; 
and y-sukratin, picrolonate, mp. 256°) contribute to the aroma of tobacco (98). 


TROPANT ALKALOIDS 


Various alkaloids structurally derived from trepane (37) are found in solanaceous 
and coca plants. (-Hyoscyamine, Cy H3 NO; (38), m.p. 108.5?C., [a]p — 22? (alcohol); 
hydrobromide, m.p. 151.8?; elloroplatinate, m.p. 206*; it is the most common alka- 
loid from Hyoscyamus niger, Atropa belladonna, and several Datura species. It is the 
ester of tropine (39) and optically active tropie acid (a-phenylhydracrylic acid). 
Atropine (38), prisms, m.p. 118°C.; hydrobromide, m.p. 163-164°; chloroplatinate, 
m.p. 207-208°; it is readily formed by the alkaline racemization of hyoseyamine, or 
even on continued standing of solutions of the optically active isomer. Atropine une 
hyoseyamine are employed chiefly for their mydriatic properties. Apoatropine (atrop- 
amine), CrHa NO, m.p. 60°C.; hydrochloride, m.p. 237°; chloroaurate, m.p. 110; 
uonmydriaiie; formed from atropine by removal of one moleenle of water. On 
hydrolysis it forms tropine and atropie &eid (a-phenylaerylic acid). Tropine (3- 
tropanol), Cs Eus NO (39), m.p. 63°C., b.p. 233?;. ehloroaurate, m.p. 210^ (dev); ob- 
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tained on hydrolysis of atropine. Acylation of the hydroxyl group yields a series of 
esters known as tropeines,  Mandelyltropeine (homatropino), CuHaNO;, m.p. 95.5- 
98.59C.; hydrobromide, m.p. 217-218? (dec.); relatively rapid and transient mydri- 
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atic properties. In tropine, carbon atoms L and 5 are asymmetric, but the compound 
exists ouly as the meso form, Position 3 is not asymmetric, but the hydroxy group 
may assume a cis or trans position with respect to the nitrogen bridge in the bicyclic 
molecule. The stercoisomer vot obtained from atropine is called pseucotropine. 
Pgeudotropine (psendotropanol), CsHyNO, m.p. 108°C., b.p. 240°; chloroaurate 
m.p. 225? (dee.) ; on esterification it forms pseudotropeine, which is practically devoicl 
of mydriatic action. Tropacoeaine (henzoylpsendotropeine), CisHigNOQs, m.p. 49°C. ; 
hydrochloride, m.p. 271° (dee); ehloroaurate, m.p. 208°; it has been isolated from 
coca leaves and possesses local anesthetic activity, Norhyoseyaminue, CuHaNO;, m.p. 
140°C., [aly —23° (50% alcohol); hydrochloride, m.p. 207^; it appears in small 
amounts witli hyoscymnine in Scopolia and Datura species, Scopolamine (hyoscine, or 
atroscino), Cy Ha NO, (40), [a]? —-28*; hydrobromide, m.p. 193-194?; ehloroaurate, 
n.p. 208 209? (dec); the chief alkaloid of Datura metel. An ester of tropic acid, 
hyoscine, like hyoscyamine, is reulily racemized. The accepted constitution is that of 
tropylscopine (scopinc is 6,7-epoxy-8-tropanol). Mleteloidine, CyHaNQ, (41), m.p. 
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141-142?C.; hydrobromide, m.p. 250°; pierate, m.p. 177-180? ; a physiologically in- 
active base occurring with hyoseyanine and hyoscine in. Datura meteloides. Tt is the 
tiglie aeid ester ol teloidine (3,6,7-tropanetriol). Tigloidine (tiglylpscudotropeine), 
CysHaNOs, colorless sirup; lydrobromide, m.p. 284-235°C.; a minor alkaloid from 
Duboisia myoporaides. Valeroidine, CuHaNOa, m.p. 85°C., [œ] —9° (anhydrous 
aleohol) ; hydrohromide, m.p. 170-172°; another minor alkaloid from Duboisia; ou 
hydrolysis it forms 3,6-dihydroxytropane (tropanediol) and isovaleric acid. 

From the seeds of. Convoleulus species, several alkaloids have been isolated: Con- 
volvine (veratroylnortropeine), CicHaNO4, m.p. 115?C.; hydrochloride, m.p. 260- 
261°; it possesses local auesthetie properties. Convolamine (veratroyltropcinc), 
Ομ ΝΟ, m.p. 114-115?C.;. pierate, ni.p. 203-204? (dec.). Dioscorine, CuHisNOs 
(42), m.p. 43.5°C.; hydrochloride, m.p. 204°, [a] 4-4?; obtained from the tubers of 
Dioscorea hirsuta and D. hispida; itis bitter and. produces paralysis of the central 
nervous system. 
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COCA ALKALOIDS 


Erythroxylon coca and E. truxillense, both indigenous to Bolivia and Peru, have 
been more extensively cultivated im Java. The coca leaves yield alkaloids that are 
grouped as follows: («) cocaines or methylacyleegonines, (b) pseudotropeines, (¢) 
acylecgonines, (d) dihydroxytropane, (e) hygrines (sce page 475). Eegonine (3-trop- 
anol-2-carboxylie acid, tropinecarboxylie &cid), CoHiNOs (43), m.p. 198°C. (dee.), 
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[x]n —45.4?; hydrochloride, m.p. 246?, [x]p —57,1^; the derivatives form the coca 
alkaloids. lt is readily esterified in the preseuee of hydrogen chloride, forming alkyl- 
eegonines. Of these the methyl ester, bis 177°C., is the most important and, when 
benzoylated, it forms cocaine. Cocaine (metlylbenzoyleegouine), CygIt4 NO, (44), 
m.p. 98?C., hy, 187-188?, [a] ~15.8°; hydrochloride, m.p. 200-202°, [a}y — 71.95? 
(water); because of its valuable local anesthetic properties, cocaine is tle most desired 
of the coca alkaloids. Tt is present in amounts up to 80% in erude South American 
cocaine, from which it may be obtained pure by refining. Only about half of the crude 
Javanese alkaloid consists of cocaine; the total alkaloid is therefore hydrolyzed for its 
ecgonine, from which cocaine is then synthesized. d-Pseudococaine, m.p. 45°C., 
[ælp +43°; isolated from coca leaves; it is probably produced by the action of alkali 
on -eovaine during the process of extraction. Ethylbenzoylecgonine (‘methyl co- 
came’), with physiological behavior like that of cocaine, has been isolated from com- 
mercial cocaine; itis likely, however, that it is formed from the latter during the proc- 
essing with  ethanolie solvent. Cinnamoylcocaine (methyleinnamoylecgonine) 
Cona NOs, m.p. 121°C), [aly —4.7°; hydrobromide, m.p. 176°. Benzoylecgonine, 
Ci Has NOS, m.p. 195?C. (dee), (o]p —63.3?; a minor alkaloid in Peruvian coca leaves. 
Truxillines, along with cocaine, predominate in the leaves from Java. They exhibit 
little physiological activity. a-Truxilline, CasHyN.Os, mp. 80°C., on hydrolysis 
yields «-truxillic acid, two molecules of methanol, and two molecules l-cegonine. g- 
Truxilline, CasHygNoOs, mip. 120°C. (dec.), (a) —29.3?, on hydrolysis forms g-trux- 
illic acid, two molecules of methanol, and two molecules -eegonine. Dihydroxytropane 
(probably 1,6-tropanediol), CHa NO, [αἰὖ —22° (ethyl alcohol); hydrochloride, 
[a]p +1.75°; has been isolated from a mixture of hydrolyzed bases in working up 
the total alkaloids of Java coca leaves, 


LUPINANE ALKALOIDS 


Interest in these alkaloids derives from their appearance as the bitter and. toxie 
principles i lupin seeds, which are used as animal feeds. Widely distributed in the 
Papilionaccae, some of the alkaloids have been isolated also from Papaveraceae, 
Berberidaeeae and Chenopodiacese. Lupinane, CoHisNO (45), mp. 68.5-69.2°C,, 
b.p. 255-257? (hydrogen), [a]b —19?; hydrochloride, m.p. 212-213?. The erude 
alkaloid, m.p. 63-65°, is contaminated with the isomeric allolupiuane (46). Lupanine, 
CuHaN3O (47), m.p. 98-99°C.; dihydrochloride, m.p. 185°; monohydrochloride, 
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m.p. 250-2529; it occurs naturally as the dextro, levo, and racemic forms. d-Lupa- 
nine, m.p. 40?C.; bua 185-186^;. [a] +61.4° (acetone); monohydrochloride, m.p. 
127?, J-Lupanine, }, 186-188°C.; [lp —61° (acetone), The structure favored for 
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lupanine is (47). Hydroxylupanine, CisHayN2O2, m.p. 172-174?C.; [a]o 4-64.12^; 
elloroaurate, m.p. 205-206?; present in Lupinus polyphyllus ond L. angustifolius. 
This alkaloid contains a primary hydroxy group, which may be removed with hydro- 
gen iodide to fom d-npanine. Dilupine, CysHegNoQ2, oil, [alp, +63.8° (water). 
Tritupine, Cis E N4Os, m.p. 252?C.; fel}, +63.8° (water); with hydrogen chloride in 
neotone itis converted into lupanine dihydrochloride. Sparteine (lupinidine), CisHasNe 
(48) colorless oil, alkaline in reaction, Dig 188°C., d% 1.0196, [e Ip — 106.42? (uleohol); 
dihydriodide, m.p. 257-258°; it oecurs in broom tops. The accepted structure is 
based on the formation of d-sparteine, fal? +15.9° on reduction of -Iupauine (13). 
In its pharmacological action sparteme resembles coniine; tt is less toxic but produces 
greater depression on the action of the heart. 

Minor alkaloids accompanying sparteine are: Sarothammine, Ci; HN», charac- 
terized by iis ability to form addition products such as, CisHaiNet/2 CHCl, m.p. 
127*C., [e]p —28.7^; and Cua N..1/; EtOH, m.p. 99°C., [a]p.—25.6°. Genisteine, 
CigHogNs, bs 139.5-1409C., m.p. 60.5°; dipicrate, m.p. 215?. Aminodendrine (3-(1- 
acetyl-2- piperidyl)pyridine), CyHa N30, the first recorded appearance of an anabasine 
derivative in the Leguminosae, Retamine (probably hydroxysparteine), CisHsN.0, 
m.p. 168°C., [a]p +43.15° (aleohol); isolated from Retama sphaerocarpa. Anagyrine, 
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CysHaoNaO (49), bs 210-215°C. ; picrate, m.p, 242°; found along with cytisine, CuHy- 
N30 (50), b. 218?C., m.p. 158?, [elp —119.6° (water); chloroaurate, m.p. 220° 
(dec.); in Ulex europaeus and in the seeds of Anagyris foctida. Catalytic hydrogen- 
ation of anagyrine forms a tetrahydro derivative identical with -lupanine; on electro- 
lytic reduction three molecules of hydrogen are taken up and d-sparteine results. 
Cytisiue has one less heterocycle than auagyrine. Cytisine is a powerful poison, be- 
longing to the nicotine group, It produces nausea and convulsions; death is caused. 
by asphyxiation. 

Other alkaloids, probably derived structur ally from lupinane, include: Marine, 
Cas Hac N30, isolated from various Sophora species, reported as existing in four iso- 
morphic forms. Oxymatrine, Ci HuN:O» m.p. 208°C., [«]D +47,7° (aleohol); pic- 
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rate, i.p. 215?.. Aloperine, Cia Ns, m.p. 73 75°C., [e] +89.5°; hydrochloride, 
m.p. 261-263?. Sophoearpine, Ci H3 N;O, m.p. 81-82?C., [elp —29.44°; picrate, 
mp. 155-157°. "Thermopsine, Ci Ha N:O, m.p. 205-208?C., [ely —159.6°; picrate, 
m.p. 208-209. Sophoramine, Cui; N;O, m.p. 164-165?C., [a]; —90.855; pierate, 
m.p. 220-231?. Sophoridine, Ci Ha; N:O, m.p. 109-110°C., [a]p —63.57?; chloro- 
aurate, m.p. 189-190?.  Homothermopsie, CufL4N:O, in.p. 224-225°C:, [ely 
-+86.9° (chloroform). 


QUINOLINE ALKALOIDS 


Quinaldine (2-ncthylquinoline), CyHN, a colorless liquid, b.p. 246-247°C., has 
been isolated from the secretion of the skunk (2), 3-Methyl-4-quinolinecarboxylic acid 
(3-methyleinchoninie acid) has been isolated as an ester from discased Syndesmon. 
thalietroides (10). Echinopsine, CyEH NO, isolated from the seeds of Z/chinops ritro, has 
been identified as 1-methyl-4(1)-quinolone (82). 


ANGOSTURA ALKALOIDS 


2-Bubstituted-4-methoxyquinolines are found in angostura bark, Galipea affici- 
nalis; five bases have been identified. Cusparine, CiFlz; NO; (512), reported existing in 
three solid forms: colorless needles, m.p. es yellow needles, m.p. 91-927; 
amber erystals, m.p. 110-122?; readily soluble in aleohol or ether; hydrochloride 
(B.HCL3 H3O), i.p. 185-187?; chloroaurate, m.p. 100^; it accounts for about τους 
of the alkaloidal content of the bark.  Galipine, CoHaNO; (51b), m.p. 113.5?C.; 
hydrochloride (B.HCL.4 FLO), m.p. 164°; chloroaurate, mp. 174-175°; piernte, 
m.p. 194°; found to the extent of nearly 25%. Galipoline, CuHuyNO, (le), m.p. 
193°C., appears in traces, as docs alsa 2-n-anyl-4-methoxyquinoline, 


OCH, | OCH; 
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Natural furoquinolines are represented by: Dictamnine, CHNO: (52), prisms, 
m.p. 132-133?C.; hydrochloride, m.p. 195?; picrate, m.p. 163°; found in the root of 
Dictamnus albus; and skimmianine (53), Cuu NO, pale yellow erystals, m.p. 176?C.; 
pierate, m.p. 195-197?; found in the leaves of Skimmia japonica, 
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[ Sew 
zc J CHO a 
N v οι © 9 
(82) Dietamnine (53) Skimmianine 


CINCHONA ALKALOIDS 


The cinchona alkaloids are structurally derived from ruban, consisting of a 
quinoline heterocycle joined to a quinuclidine heterocycle as indicated in formula 
(54a); The Ring Index (RT. 1013) (101) and C.A. numbering for quinuclidine is given 
in formula (B4b). It was in the attempt to prepare synthetically a molecule of such 
complex structure (then unknown) by the oxidation of allyltoluidine that Perkin 
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stumbled upon the first synthetic dye. The final confirmation of this structure as the 
parent compound for the cinchona alkaloids was obtained by W oodward and Doering 
(95) in their synthesis of d-quinotoxine (d-quinicine) (55). d-Quinotoxine was already 
known as a degradation produet of quinine and had been reconverted into the latter 
(65). The carly history and the diseovery of the antimalarial properties of cinchona 
are enveloped in legend. It first appeared in the London Pharmacopoeia, 1667, as 
cortex peruanus. Originally it was obtained from Cinchona officinalis, grown in 
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South America. But as the culture was undertaken in other parts of the world, new 
species and hybrids were found to he hardier and more productive, such as C. succtruba 
and. C. ledgeriana. 

The chief alkaloids obtained from cinchona bark are: Quinine (6’methoxy-3- 
vinyl-9-rubanol), Co HaiNsOs (56), first isolated hy Fourcroy (1792) in impure state 
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and in the pure state by Pelletier and Caveuton (1820); colorless ncedles, m.p. 174.4- 
175.0°C., [a] —284.5° (M/40 of dry base in N/10 sulfuric acid); quinine ethyl- 
carbonate, m.p, 89-91°; quinine bisulfate (B.H480,.7 HO), [a]$ —210.5? (M/40 of 
anhydrous salt in water); quinine hydrochloride (B.HCL.2 H40), m.p. 158-160^, 
[«]p — 255.1? (dry salt M/40 in N/10 sulfurie acid). Quinine is characterized by its 
bitter taste and. fluorescence in sulfuric acid solution; itis reported to be sensitive to 
the thalleioquim reaction (the formation of n deep green color when a solution of qui- 
nine salt is treated first with bromine or chlorme and then with excess ammonia). In 
quinine, as is true also for the other cinchona alkaloids, positions 3,4,8 and 9 are asym- 
metric. It is probable that in quinine carbon atom 3 is dextrorotatory, and 4, levo- 
rotatory; the summation of the rotatory contributions is negative, but not sufficiently 


large to account for the high specific rotation of the molecule; hence positions 8 and 9 
may also be levorotatory. 
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Quinidine (6’-methoxy-3-vinyl-9-rubanol), CaHeN2O. (56), the optical isomer 
(through positions 8 and 9) of quinine, in.p. 173.5?C., [a]B --334.2? (M/40in. N/10 
sulfurie acid); quinidine bisulfate (B.H330,.4 H30), [a]5 4-247.8? (M/10 in water); 
hydrochloride (B.HCLH3O), m.p. 258-250? (dec.), [a] 4-200? (water). Quinidine 
gives the thalleioquim reaction.  Cinehonidine (3-vinyl-9-rubanol), Cis N4O, levo- 
rotatory (optical configuration like quinine); large trimetric prisms, m.p. 204.5°C., 
[lp —178? (M/40 in. N/10 sulfurie acid). Cinehonidine does not give the thalleio- 
quin reaction, and a sparingly soluble tartrate aids in its characterization. Cinchenine, 
an optical isomer of cinchonidine (optical configuration as in quinidine), found in 
cinchona and cuprea barks, m.p. 264°C., [a]p +263.7° (M/40 in N/10 sulfuric acid); 
sulfate (B:-H:504.2 H:O), m.p. 200°C., [alo +193°. It is characterized by sparing 
solubility in all ordinary solvents, does not fluoresce in sulfuric acid solution, and is 
negative to the thalleioquin test. Cupreine (6'-hydroxy-3-vinyl-0-rubanol), CEs- 
Νεος, fonnd in cinchona bark but derived chiefly from the bark of Remijia pedunculata, 
a plant closely related to, but distinct from, the einchona species; it erystallizes as the 
dihydrate, which becomes anhydrous at 120°C, and melts at 198°, [al] —175.5° (alco- 
hol); methylation of the free phenolic group gives rise to quinine; through other 
etherifications of this 6-hydroxy group, higher homologs of quinine may be obtained. 
Totaquine is a mixture of the alkaloids from cinchona species; it contains not less than 
10% of anhydrous quinine, not less than 25% of quinine and einchonidine combined, 
and not less than 70% of cinchonidine, cinchonine, quinidine, and quinine. Quin- 
amine, CiyHeiNeO. (57), m.p. 185 -186?C., [α]ρ +116°, one of the minor alkaloids 
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obtained from cinchona bark, shows an interesting variation from the ruban strueture. 
The quinuclidine heterocyele is joined, through a carbiuol bridge, to an indole, hetero- 
eyele (35). More than twenty alkaloids have been isolated from Cinchona and Cuprea 
species. The structures of the less abundant ones still remain to be established. 


ANHALONIUM (CACTUS) ALKALOIDS 


A number of alkaloids have been isolated from the flowering heads Gnescal but- 
tons) of certain species of Anhalonium indigenous to Mexico. These plants, collo- 
quially referred to as “epellote” by the natives, are frequently used to produce a tran- 
sient state of intoxication during the course of primitive ceremonies, The incbriated 
state, usually accompanied by sound and color hallucinations, is very probably due to 
the alkaloids present in the plant. The methods employed for the extraction and 
separation of these alkaloids are due to Kauder (40) and to Späth (80). Of the alka- 
loids known to ocenr in this group, two members, mesealine, CuHnNOs (58), bis 180- 
181°C., and hordenine, CuHaNO, prisms, m.p. 117-118?, have their nitrogen atoms 
in an open chain. The other members, related to tetrahydroisoquinoline, are: anhal- 
amine, C E34; NO; (59), necdies, m.p. 187-188°C.; anhalonine, CH: NO;, needles, 
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m.p. 85°, [ely —56.3° (chloroform); anhalonidine, C),HiyNOs, prisms, m.p. 161°; 
anhalidine, Cis ET; NO;, m.p. 131-133? ; anhalinine, Ci H Ου, m.p. 61-63?; lophoph- 
orine, CysHiNOs, colorless sirup, [aly —47°; and pellotine, CyHisNOs, prisms, 
m.p. 1L1-112°. Spéth (80) has accounted for the structural proof of most of the mem- 
bers of this series. 


HYDRASTIS ALKALOIDS 


The rhizomes of the plant Mydrastis canadensis elaborate three alkaloids, hydras- 
tine, berberine, and canadine. ‘Che last two, because they differ from hydrastine struc- 
turally, will be dealt with under berberine. Hydrastine, C4HaiNO; (60), prisms, m.p. 
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132?C., [a]p —67.8° (chloroform), is the parent compound of the opium alkaloid 
narcotine, which is S:methoxyhydrastinec. Knowledge regarding the constitution of 
hydrastine is largely due to Freund (25). Treatment of the alkaloid with dilute nitric 
acid results in hydrolytic oxidation with the formation of a new, medicinally valuable, 
base, called hydrastinine (61), which is useful in controlling uterine hemorrhage. 


CORYDALIS ALKALOIDS 


Although the distribution of alkaloids in the Corydalis species is widespread, the 
roots of C. tuberosa are the most important source of these bases. The alkaloids may 
be classified in the following three chemical groups: corydaline, eryptopine, and bulbo- 
eapnine. 

(1) Corydaline Group, Corydaline, CH NO, (62), the prineipal member of the 
group, crystallizes in prisms, m.p. 135?C., [a]? 2-300? (elloroform). Mild oxidation 
(iodine or air) of the base results in dehydrocorydaline, another constituent of the same 
plant. The other important alkaloids of this group, whieh differ from corydaline in 
the position of their peripheral hydroxy and methoxy groups are: Corybulbine, 
CaHaNO,, needles, m.p. 238°C., [a]p +303° (chloroform); isocorybulbine, CaHa- 
NO., leaflets, m.p. 179°C., [elp 4-300? (chloroform); d-corypalmine, CaL NO, 
m.p. 235°C., læ]lo +280° (chloroform); d-tetrahydropalmatine, Co Ha NO,, m.p. 
142°C., [e]p +292° (ethyl alcohol); d-tetrahydrocoptisine, CHNO., m.p. 203°C. 
(vac.), [e]p +310° (chloroform); the last differs from the others in that it contains a 
methylenedioxy group but no methoxy or methylimino groups. Corydaline, corybul- 
bine, and isocorybulbine produce slight narcosis in the animal organism, but they are 
not employed in medicine. 

(2) Cryptopine Group. ‘The members of this group are distinguished by a unique 
nuclear structure, the nature of which was clarified by Perkin (57) in a series of investi- 
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gations. A close relationship exists between these alkaloids and members of the ber- 
berine group, with which they are interconvertible. Cryptopine, CoHes:NOs (63), 
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(62) Corydaline (63) Cryptopine 
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prisms, m.p. 220°C., is optically inactive. Protopine, Co Hi NO;, m.p. 207?C., differs 
from eryptopine in having two vieinal methoxy groups replaced by a methylenedioxy 
group. g- and y-Homochelidonine (o- aud 6-alloeryptopine, respectively), CaEa- 
NO, are stereoisomers. The S-isomoer crystallizes mm prisms, m.p. 169°C.; the y- 
isomer forms needles containing 0.5 mole of alcohol of crystallization, m.p. 1709, 
These alkaloids differ from. eryptopine iu having the methylenedioxy and methoxy 
groups in reversed positions. Coryeavine, Cala NO;, tablets, m.p. 217-218?C., and 
corycavidine, CoHs;NOs, m.p. 213°C., fafi 4-203? (ehloroform), both contain a C- 
methyl group attached to the methylene carbon atom adjoining the earbonyl group in 
addition to the methoxy or methylenedioxy groups present in all members of this 
series. 

(8) Bulbocapiine Grow. This group, made up of six alkaloids, may be considered 
to be derived from aporphine (64a), which was first synthesized by Gadamer (26) ancl 
contains a condensed plenanthrene-pyridine structure (or two benzene rings condensed 
with quinoline; The Ring Index numbering (RJ. 2753) (101) of 4-dibeuzo |de,g|quino- 
line, the parent compound of aporphine, is given in formula (64b)). Bulbocapnine, 
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(64a) Aporphine (64b) 4-Dibenzo[de,g]quinoline (65) Bulboeapnine 


Cay Hyg NO, (65), needles, m.p. 199?C., [a]p +237° (chloroform), has been synthesized 
in the form of its methyl ether by Gulland (31). The five remaining alkaloids of this 
series, which differ only in the arrangement of their methoxy, hydroxy, or methylene- 
dioxy groups, are: eorydine, Co Ho NO, erystallizing with 0.5 mole of. aleohol, m.y. 
124-125°C., [ely +204° (chloroform); isocorydine, CoFs3NO,, tablets, m.p. 185°C., 
la R$ +195° (chloroform); eorytuberine, CuH4NO,.5 HO, needles, m.p. 240?C., 
[«]p --282? (aleohol). On methylation of corytuberine with diazomethane, a mixture 
of corydine aud isocorydine results, so that these two alkaloids are monomethyl ethers 
of corytuberine. Dicentrine, CaHaN O4, prisms, m.p. 168°C., [a]p +62° (chloroform). 
Glaucine, Co Ha NO,, found in Glaucium flavum Crantz as well as in Corydalis species, 
prisms, m.p. 119-120°C., [e]p +113° (alcohol). It is interesting to note that both 


488 ALKALOIDS 


glaucine and dieenirine are 2,3,5,6-substituted aporphines, in contrast to the other 
members of this group that carry substituents in positions 3,4,5, and 6. Bulboeapnine 
mid isocorydiue are known to produce a state of eatalepsy in the animal organism. 


ALKALOIDS OF LAURACHAL AND MONIMIACEAT: 


Both of these botanical natural orders, though not exhaustively examined, have 
been found to elaborate ulkaloids related to aporphine (64a). The constitutions of the 
following substances have been worked out mainly by Barger (4,6) and his collaborators. 
Laurotetanine, Ci H3; NO,H,O, m.p. 125?C., [afi5 +98.5°, is a phenolic base and con- 
tains three methoxy groups. Actinodaphnine, CysHyNO,, needles, m.p. 210-211°C., 
[aly +32.8° (alcohol); the oxygen atoms are present as hydroxy, methoxy, anc 
methylenedioxy groups. Pukateine, CysHa;NOs, m.p. 200°C., [a]? —220? (alcohol), 
contains a methylenedioxy group ax well as a phenolic hydroxyl, anc the nitrogen 
atom is secondary. Laureline, CHiN Os, tablets, m.p. 97°C., [alf —98.5° (alcohol), 
is isomeric hut not identical with pukateine methyl ether. The positions oeeupied by 
theinethoxy aud hydroxy groups are therefore different. Boldine, CHa NO4, isolated 
from the Chilean plant Boldea fragrans Juss., mp. 161?C., [a]p +72.7° (B-ehloroform 
in uleohol), contains two methoxy and two phenolic hydroxy groups. 


IPECACUANITA ALKALOIDS 


The roots ol the Brazilian pluit Cephaelis ipecacuanha serve as the principal 
source of commercial ipeeacuanha (Rio or Brazilian ipecac), although the substance is 
also obtained from planis cultivated m the Malay Peninsula as well as in Burma. 
Cartagena ipecac, from Cephaelis acuminata, is imported from Colombia. Brazilian 
roots may contain up to 2.5% of total alkaloids, of which more than half is emetine, the 
most important of the five alkaloids known to occur in this drug. Emetine, CagELy- 
N40, (66), forms a white, amorphous powder, m.p. 74°C., [a]p ~60° (chloroform). 
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(66) Emetine (67) Berberine 


It forms salts readily with a variety of acids. Emetine is employed medicinally as an 
emetic, and sometimes as an expectorant. It is also used as a specific in combating 
amebie dysentery. Cephaeline, CosHssN2O1, needles, m.p. 115-116?C., [a]p —43? 
(chloroform), is à plienolie base aud is soluble in alkali. Psychotrine, Coa Hs; N30,.- 
4TL0, yellowish prisms, m.p, 138?C.; sulfate, B.E80,.3 ILO, [ely +39° (water, 
anhydrous salt). O-Methylpsychotrine, CoEHysNoO4, the methyl ether of psychotrine, 
crystallizes in prisms, m.p. 123°C., [e]p +48.2° (alcohol). Emetamine, Cao Ha N30, 
ueedles, m.p. 158°C., [a]p +18.6° (aleohol). It has been established that emetine is 
tlie methyl ether of cephaeline, and since the latter is too toxic for use in medicine, it is 
usually converted into emetine by methylation with dimethyl sulfate, All members of 
this series are closely related to cach other and differ either in degree of hydrogenation 
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(ometamine lias four hydrogen atoms fewer than emetine) or in being phenolic or non- 
plienolie in character. "The exaet struetural fonnulas for this series are not yet at 
hand, but provisionally emetine may be represented by Formula (66) (64). 


BERBERIS AND RELATED ALKALOIDS 


The alkaloid berberine occurs in a great many, ostensibly unrelated, plant fam- 
ilies and derives its name from Berberis vulgaris (the barberry), in which it is found 
most abundantly. Berberine, CoHigNO; (67), yellow needles, m.p. 160°C. (dec.), is 
the principal member of a group of several closely related alkaloids, and is optically in- 
active. Information concerning the structure of berberine is due largely to Perkin 
(56), although others have made significant contributions to the problem. Canadine 
(Ltetrahycroberberine), CooHlaNO,, forms needles, m.p. 133?C., [a]p ~299° (chloro- 
form). It is said to occur also as the dextro form in Corydalis. The three related 
alkaloids, palmatine, jatrorrhizine, auc columbamine, differ from berberine in the 
nature of their peripheral groups. Palmatine contains four methoxy groups (the 
methylenedioxy group of berberine is replaced by two methoxyls), while jatrorrhizine 
and columbamine each have three methoxyls and one free hydroxyl. The latter group 
occupies a different position in each alkaloid. Berberine is apparently not too Loxie in 
man and therefore barberry bark is used in the preparation of bitter tonies. The other 
members of this group all affect the central nervous system in mammals. 
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(69) Isochondrodendrine 
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Accompanying berberine in B. vulgaris are two other alkaloids (hat are of interest 
because of their unusual constitution; that is, they are members of the bis(benzyliso- 
quinoline) group of alkaloids. Berbamine, CIL NsOs, tetrahydrate, m.p. 156?C., 
fa]p +109° (chloroform). Oxyaeanibine, CuoHL4Na4Os (68), needles, m.p. 208°C., 
lelo +279° (chloroform). To berbamine and oxyacanthine, as bis(benzylisoquin- 
olines), may be added phaeanthine, CaHasN»Oe, as well as isochondrodendrine, 
Cas Has NsOs (69), and bebeerine, CIT; N»O;, from greenheart or pareira bark. 


CURARE ALKALOIDS 


The curare alkaloids are derived [rom a group of plant. extracts originally prepared 
by the inhabitants of certain remote regions of Ecuador and Brazil, in South America, 
for use as arrow poisons. Three types of curare have been seen in commerce, usually 
distinguished by the type of container in which they were encountered. “Para” or 
“tube” curare was usually packed in sections of hollow bamboo, while “pot” curare was 
exported in small earthenware pots, and “calabash” curare was shipped in small 
gourds. Chemical investigations lave indicated that the active principles of "tube" 
and “pot” curares are alkaloids of the types found in menispermaceous plants (that is, 
isochondrodendrine and bebeerine), though it is possible that certain strychnos species 


490 ALKALOIDS 


may have been incorporated in the preparation of the crude extracts. On the other 
hand, the chemistry of the active alkaloids of “calabash’’ curare (the curarines) is still 
obscure. It has been suggested that the activity of this variety was due to toxiferine, 
the active principle of Stryehnos tocifera, and careful work by Wicland (89) appears to 
have lent weight to this premise. From the crude mixture he isolated an alkaloid 
(toxiferine IT) that oceurs also iu authentic specimens of Sérychnos lovifera. 

(1) Para or Tube Curare Alkaloids. Carine, CiHysN Oc, prisms, m.p. 213°C., 
la]? —328? (pyridino), is the levorotatory isomer of d-behcerine found in pareira bark. 
Tubocurarine chloride, CgHaCl.N.O¢.5 H0, leaflets, m.p. 274°C., [a]p +265° 
(anhydrous salt, water), Both curine and tubocurarine chloride have been found to be 
closely related to bebecrine, which may be represented by formula (70). 
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(2) Alkaloids of Pot Curare. Protocuridine, Css Has N.Os, forms plates from pyri- 
dine with 0.5 mole of solvent of crystallization, m.p. 295°C.; hydrochloride, B.2 HCL- 
611.0, [o]p 4-7.6? (water). Neoprotocuridine, Ca H3;N30,.8 H30, leaflets, m.p. 232°C 
is optically inactive. Degradative investigations hive demonstrat ed the existence of 
constitutional similarities between protocnridine and ucoprotocuridiue on one hand 
and isochondrodendrine (see *Berberis and related alkaloids”) on the other. 

(8) Calabash or Gourd Curare Alkaloids. In contrast to the comparatively com- 
plete knowledge at hand regarding the structure of the alkaloids derived from “tube” 
and “pot” curare, the “ealabash” problem has proved mueh more diffeult. Ten alka- 
loids have already been isolated from calabash (89) and it is believed that the erude 
mixture contains considerably more than this number. It las been suggested that the 
alkaloids of this group may coutain s quinoline or isoquinoline ring system in view of 
certain reactions that parallel the known behavior of quinolinium bases. 


TABLE I. Calabash Curare Alkaloids, 

















. Name Formula fo]? Ou ste, Toti" 
η ας y) 

C-Curarine I Coly Na + 4-70 to 73 300 3 to 4 
C-Curarine II Cala Na t. (H0O) +72 to 74 204 50 to 100 
C-Curarine TET (Ορ Ne + —930° 189 inactive 
Toxiferine I CapHaNe*, (20) —610 270 0.3 
C-Dihydrotosiferine T C'a Ha Ne Y —605 185 1.5 
C-Isodibydrotoxiferine I Cala N; * -- 550 242 3 to 4 
Toxiferine TI Cao Ha Na F — 216 5 
TToxiferino IIa Coo Hg Na * (H30) +66 to 67 210 20 to 80 
Toxiferine IIb Cao H3 Ns *. (E90) +78 216 100 to 150 
C-Toxiferine IT CHa N; +. (FLO) +72 215 10 





” Minimum lethal dose (frog). 
Source; Craig, reference (99). 
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The curare alkaloids are powerful poisons when injected hypodermieally, paralyz- 
ing the nerve endings of the voluntary muscles. Curiously enough, these substances 
have little effect when taken orally, and this is probably due to their slow absorption 
and rapid elimination by the organism. 


ERYTHRINA ALKALOIDS 


The seeds of the plant Erythrina americana have long been known to contain eon- 
stituents that show curare-like activity. The first suecessful attempt to isolate the 
substance responsible for this action was made by Folkers and Major (23), who re- 
ported the new alkuloid erythroidine, In contrast to curare, this base proved active 
even when administered orally, and this interesting finding stimulated further rescarch 
with other Erythrina species (24). Ten different alkaloids, probably of related strue- 
ture, have so far been reported. They are shown in Table IT. 


TABLE If. Erythrina Alkaloids. 





Name Tormnula M.p., ^C, fal, 
a- and B-Erythroidine CullsNO; V-H +109, 79! (B.HCl in water) 
Erythramine (ΠΝ Οἱ 103-104 +227 629.5 (ethyl alcohol) 
Tirythraline Cis N Os 106-107 +2118?" (ethyl aleohol) 
Erythratine Cita NOLA 167-168 -E 144.925 (ethyl alcohol) 
Yirysodine Costa NOs 204-205 +248 826 
Erysopine Cyl NO, 241—242 -F265.2 
Tirysoeine Cys Ia NOs 160-3161 3298. 4 
Erysovine Cush La NOs 178 +252 ..0 
Erysonine C ολοι, 238-230 +2722 (morpholine) 





The strnetural investigations of Volkers (23), carried out principally with eryth- 
ramine and erythraline, have indicated the presence of à tetrahydroisoquinoline ring 
system (hydrastie acid was isolated in oxidation experiments). From this and other 
considerations, formula (71) has been provisionally suggested as the skeleton structure 
for the erythrina group. 


OPIUM ALKALOIDS 


Opium, the inspissated juice of the unripe seecl capsules of the poppy, Papaver 
somniferum, contains a large number of important alkaloids. The bases, occurring 
either in the free state or in the form of salts, are mainly derived from isoquinoline or 
tetrahydroisoquinoliue. Papaverine, CH NO, (72), is present in opium to the extent 
of about 0.5 to 195; it erystallizes in prisms or needles, m.p. 147?C., and is optically 
inactive, It is of interest to note that papaverine was one of the first alkaloids to have 
tts chemical structure completely elucidated, as well as the first recognized instance of 
the oecurrenee of an isoquinoline derivative in nature, On oxidation with potassium 
permanganate, papaverine yields several products; the most important are: veratri¢ 
acl (3,4-dimethoxybenzoic acid), metahemipinic acid (4,5-dunethoxyphthalie acid), 
2,3,4-pyridinetricarboxylie acid, and 6, 7-cimethoxy-1-isoquinolinecarboxylic acid. 
6,7-Dimethoxyisoquinoline is formed when papaverine is fused with potassium hydrox- 
ide. From these fragments, Goldschmiedt (80) concluded that papaverine was a 
tetramethoxybenzylisoquinoline, and this was confirmed by the complete synthesis of 
the alkaloid by Pictet (60). Papaverine exhibits slight narcotic properties, and has an 
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antispasmodic action ou smooth musele. Laudanosine, Co HyNO, (73), needles, m.p. 
809C., [a]p 4-103? (aleohol), oecurs in opium in small amounts and is closely related 





Hy Ha 
CH,O Ἡ, uc? “CH: 

N CIO ς. NCH, ^0 yu CHA 

f σπιῦ T : 

CH, CO 
coon 
OCH, OCH: OCH, 

OCH, OCH; OCI 


(72) Papaverine 


(78) Laudanosine 


(74) Narceine 


to papaverine. Tt has been shown to be dtetraliydro-N-methylpapaverine. Closely 
associated with landanosine are the three comparatively rare opium alkaloids: Lau- 
danine, CyH;NO,, prisms, m.p. 166°C., optically inactive, containing three methoxy 
and one hydroxy group; laudauidine (L-laudauine), Ca NO,, prins, m.p. 184?C., 
[a]lp —100?; codamiue, CH; NO, m.p. 126°C., optically inactive and isomeric. 
with laudanine but the free hydroxy group oceurs in a different ring. 

Narcotine, Ci HaNO:, needles, m.p. 176°C., [aly ~207° (alcohol), is present in 
crude opium as the free base to the extent of nearly 10%. It is 8-methoxyliydrastine 
(see “Hydrastis Alkaloids,” page 486). Narceine, Ca4H5zNOs3 H3O0 (74), is optically 
inactive and crystallizes in needles, which melt at 170°C. The alkaloid is a weak, 
monobasic acid, as well as a monoacidic, tertiary base. As a result, it dissolves readily 
in alkalies, forming metallic salts that are decomposed hy carbon dioxide. The alkaloid 
forms salts also with various mineral acids. Morphine, CyHwNO;.H.0 (75), is the most 
important of the opium alkaloids and occurs to the extent of about 10-12% in crude 
opium. It was the first vegetable alkaloid to be isolated aud characterized (Sertiirner, 
1805). In 1889 Kuorr (41) published his first speculations regarding the structure of 
this alkaloid. Since then it has been exhaustively studied by a great number of in- 
vestigators. Though we know a great deal about the base, its exact structure has not 
yet been completely clucidated. Morphine is a strong, monoacidic base whose aleo- 
holie solution is alkaline to litmus. The alkaloid crystallizes from dilute methanol in 
rhombic prisms (containing one mole of water of crystallization); at 100?C., the erys- 
tals become anhydrous and then melt at 254°C. (dec.). Erom anisole, the base crys- 
tallizes in anhydrous prisms, [w]§ —181° (methanol). Of the three oxygen atoms in 
the molecule, one is in a phenolic hydroxyl, the second in a secondary aleoholie by- 
droxyl, while the third forms part of an ether linkage and is unreactive. The tertiary 
nitrogen atom carries a methyl group, and the exact orientation of this nitrogen-con- 


CIO 0 


(76) Methylmorphenol 


On 


CHO OH 





. (15) Morphine (Codeine) (77) Methylmorphol , 
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taining ring is the only salient feature lacking from the coniplete structural picture of 
the alkaloid. Of the many structural formulas that have been proposed for morphine 
(75) since 1889, the one most widely accepted, at present, is that suggested by Gulland 
and Robinson (32,33). Exhaustive methylation of morphine or codeine yields methyl- 
morphenol (76), which is 3-methoxy-4,5-phenanthrylene oxide. The latter on redue- 
tion with sodium and alcohol yields methylmorphol (77), whose structure as 3-meth- 
oxy-4-hydroxyphenanthrene has been confirmed by synthesis. Zine dust distillation of 
morphine or its derivatives yields phenanthrene. These results clearly mdicate the 
presence of a phenanthrene-type ring system in morphine, 

Codeine, CisHa NOs (75), oceurs in opium in amounts up to 3% and, as the mono- 
methyl ether of morphine, is usually prepared from the latter by methylation of the 
phenolie hydroxyl by means of phenyltrimethylammonium hydroxide. The alkaloid 
crystallizes in prisms with one mole of water of cvystallization, m.p. 155°C.; (dry), 
[α]ὖ --1385 (aleohol). Thebaine (paramorphine), CisHaNQs (78), is present in 
opium to the extent of 0.2-1% and crystallizes in prisms or leaflets, m.p. 193*C.; fa] 
'—219? (aleohoD. Tt may be thought of as the methyl ether of the enolic form of 
codeinone (79), since mild hydrolysis of the alkaloid results in codeinone. 





CHO ο CIHO OH H, D 
(78) Thebaine (19) Codeinone (80) Thebainone 
(Sinomenine) 


The two minor alkaloids of opium (both indirectly related to codeine) are: Neo- 
pine, CisHa NOs, needles, m.p. 127?C., [o]p ~28° (chloroform), and porphyroxine, 
Ca HaNO,, prisms, m.p. 134?C., [a]p — 140? (chloroform). Sinomenine Ci H3NO,, 
the principal alkaloid of the Japanese plant Sinomenium acutum (Menispermaceae) 
is the 7-methoxy derivative of thebainone, CisHa»NO, (80). Here we have 
an example of the oceurrenee of an opium-related alkaloid in a natural family other 
than Papaveraceae, 





' (81) a-Naphthophenanthridine 
Ring System 


Another interesting structural example found in the papaveraceous alkaloids is the 
e-naphthophenanthridine ring system. (81), better called henzole]phenanthridine 
(The Ring Index (no. 2740)) (101), present in the four closely related alkaloids: o- 
Homochelidonine, C4I;NO;, prisms, m.p. 182?C.; chelerythrine, Ca4Ha4:NO,.H30, 
leaflets, m.p. 207?C.; chelidonine, Co EL NO;.H50, tablets, m.p. 185°C.; sanguina- 
rine, C4H;3 NO, H;O, needles, m.p. 2132C. The members of this group differ from each 
other in the nature of their peripheral groups (methoxy and methylenedioxy).. The 
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same positions (R) in rings 1 aud 4 are occupied in all four alkaloids. | a-Homocheli- 
donine and chelidonine each eontain, in addition, an aleoholie hydroxyl in ring 3 (R^). 


LYCORIS ALKALOIDS 


Various Lycoris and Narcissus species have yielded a group of alkaloids that are 
of interest because they also seem to be derived from phenanthridine, a ring system un- 
common to natural products. Lycoris radiata has yielded about eight or nine alka-. 
loids, of whieh lycorine and tazettine are the most important. Lycorine (narcissine), 
Ci Hag NO, (82), erystallizes in. prisms, m.p. 275?C. (dee), le 19 —129? (aleohol). 
The base conlains a methylenedioxy group, but no methoxyl. Zine cust distillation 
of the alkaloid or its partial degradation produets produces phenanthridine, as well as 
its derivatives. Kondo and his collaborators (45) are largely responsible for our 
present knowledge regarding the constituliou of the alkaloid, and the provisional 
structural formula (82) has been proposed. Tazettine, CHa NOs (83), occurs in the 
bulbs of Narcissus tazetia as well as in Lycoris radiata. When erystallized from 
methauol, the base melts at 210 -211°C. (vac.), (a)i -150° (ehloroform). In analogy 
with lycorine, tazettine yields phenantlwidine when distilled with zine dust. The two 
bases differ, however, in the nature and orientation of their peripheral groups. Späth 
(81) has contributed much to the elucidation ot the, as yet incomplete, structural 
formula of the alkaloid (88). 


OH 


-- 


ποτ. 





(82) Lycorine (83) Tazettine (84) Lycoramine 


The remaining alkaloids of the lycoris (phenanthridine) group, which differ either 
[rom lycorine or tazcttne in the arrangement of their methoxy, hydroxy, or methylenc- 
dioxy groups, are as follows: Pseudolycorine, CisHuNOQ,, is isomeric with lyeorime and 
forms leaflets, m.p. 245?C., [a]p —41.5? (aleohol). Sekisanine, CicH34NO,, crystal- 
lizes in prisms, m.p. 207 -200?C., [a]p +115°. Lycoramine, Ciz Hs; NO;, forms plates 
(Iron acetone), m.p. 120-121?C., [a]; —98? (aleohol). This alkaloid has been in- 
vestigated rather thoroughly, and Kondo (44) has proposed the structural formula (84) 
for the base. Lycorenine, CyxyHaNO,, prisms, m.p. 202?C., [a] 4-125? (alcohol). 
Sekisanoline, CuHaNO; m.p. 152°C. (dee.), [a]p —60° (chloroform). Homo- 
lycorine, Ci T;3NO,, prisms, m.p. 175*C., [a] +65° (alcohol). 


INDOLE ALKALOIDS 


The oceurrence of the indole nucleus in a great variety of alkaloids is not surprising 
in view of the wide distribution of tryptophan(e) (3-indolylalanine) (85), oue of the 
fundamental amino acids (q.».) required in the biosynthesis of both animal and vege- 
table bases. ‘The members of this important class of ‘alkaloids vary in structure from 
simple derivatives of tryptophan to the complicated ring systems cucountered in the 
ergot and strychnine bases, 

Some simple indole alkaloids are: Hypaphorine, Ci HigN,O«.2 H:O (86), isolated 
from the sceds of Hrythrina hypaphorus, crystallizes in prisms, m.p. 255°C. (anhyd.); 
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[e]p +91°. Structurally, this base is considered to he the methylbetaine of tryp- 
tophan. Abrine (N-ncthyliryptophan), CyeHyN.O., found in the seeds of Abrus 
precatorius, melis at 205°C, [α]ρ 4-449. Gramine (donaxine), CuHiyNe (87), occurs 


H: IT. IL 
2C 7 C z 
N NH; we N N(CH3; EN N 
H H H 
(85) Tryptophan (86) Hypaphorine (87) Gramine 


in the Asiatic reed Arundo donaz as well as in the germ of Swedish barley. The opti- 
eally inactive base crystulliges in needles or leaflets, mop. 138°C. Its structure as 3- 
(dimethylaminomethyl)indole has been confirmed by synthesis (92). 


ITARMALA ALKALOIDS 


The root and seeds of the African plant. Peganiain harmala contain three closely 
related alkaloids (58) whose commou ring system, made up ol fused indole aud pyri- 
dine uuelei, has been designated carboline (88) (9-pyrid (8.4-b)indole (R.T. 1646) (101)). 
Harmine (7-methoxyharmau), Cu HNO (89), crystallizes in rhombie prisms, m.p. 
261°C., and is optically inactive (43). Demethylation of the methyl ether group 
yields the phenolic base harmol, Cpl Λο, m.p. 321°C. Harmaline, Ci4HSN3O (90), 


Hs 

E ^Y. ΠΠ 
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(88) Carboline (89) Harman (Harmine) (90) Harmaline (Harmalol) 


is optically inactive and formis prisms, m.p. 280?C. (dee.). As a dilydroharmine, the 
base on gentle oxidation (that is, removal of two hydrogen atoms) gives harmine. 
Harmalol, Ci H4:N50.3EL0. (90), erystallizes in. brown needles, m.p. 2120, (ος), 
and is optically inactive. Τὺ 15 à phenolic base, which occurs as such in the plant and 
may also be prepared from harmaline by demethylation of the methyl ether group. 
CALYCANTITUS ALKALOIDS 

The seeds of Calycanthus glaucus contain two alkaloids, one of which, isocaly- 
canthine, is probably a tetrahydroharman while the second, calycanthine, is consider- 
ably more complex in structure. The eonstitution of calyeanthine has been studied by 
Barger (5) as well as by Manske (50). Although the provisional structural formulas 
advanced by these investigators for the base differ, they at least agree in the presence 
of a carboline ring system within the framework of the alkaloid. Calycanthine, Ca- 
HaNz, forms prisms that melt at 245°C. (vac.) and shows [a]5 +684° (alcohol). Iso- 
calycanthine, CuHuN».!/, HO, crystallizes in prisms, m.p. 285°C. (dry). Caly- 
canthidine, Cy IT; N,, needles, m.p. 142?C., [a] —285? (methanol), has been isolated 
from C. Jloridus aud ix believed to ho 3,4,5,6-tetrahydro-4-methylharman. . 


RUTAECARPA ALKALOIDS 


The dried fruit of the Chinese plant. EvodZa rutaecarpa contains two alkaloids that 
are of interest because they represent an extension in structural complexity of the alka- 
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loids containing the earholine ring &ystem.  Evodiamine, CuIT; Na4O (91), forms leaf 
lets, m.p. 278°C., [a |D +251° (acetone). Rutaecarpine, CisFiuN:0 (92), is optically 
inactive and crystallizes in needles, m.p. 261°C. 


Το H: 

N. N. 
SCO SSN co 
H H | 

CHiN. 
(91) Evodiamine (92) Rutaecarpine 


ALKALOIDS OF YOEIMBI 


The bark of Corynantha yohimbe, a tree indigenous to West Afries, contains a nun- 
ber of related alkaloids. The principal member of this group, yohimbine (94), occurs 
also in Argentine quebracho bark and is sometimes referred to as quebrachine. All of 
the yohimbe alkaloids are methyl! esters of monocarboxylic acids. However, the four 
isomers, yohimbine, yohimbene, mesoyohimbine, and y-yohimbine, CxHsN2Q;, ure 
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. (83) Yobyrine . (94) Yohimbine 


hydrolyzed to four distinctly different monocarboxylic acids, which all yield the same 
monohydric alcohol, yohimbol, on decarboxylation. The carboxyl group is supposed 
to occupy a different position in each of the four acids. The other members of this 


TABLE HI. Yohimbine and Its Isomers. 

















Name Appearance and nup, 5Ο, m à Acid Pret eo an ny drolysis, 
Yohimbine Needles, 234-235 +85 Yohimbie acid, +1383 
(Ca Ha N:O) 

Isoyohimbine Needles, 238-240 +99 Isoyohimbie acid, +146 
a- Yohimbine Prisms, 234-235 —0.3 e-Yohimbic acid, +48 
fi-Yohimbine Leaflets, 285-236 —54 6-Yohimbie acid, +16 
y-Yohimbine Leaflets, 240 (dee.) —28 y-Yohimbie acid, +90 
é-Yohimbine Prisms, 254 —50 5-Yohimbie acid, --1.5 
Alloyohimbine Leaflets, D.I1,0, 135-140 --τὰ Alloyohimbie acid, —790 
Yohimbene Leaflets, 276 (dec.) -+44 Yohimbenic acid, —17 
Corynantheinc Prisms, B.O, 241-242 ~73 Corynanthic acid, —58 
(dry) 


group either yield isomeric alcohols or do not lend themselves to such degradations. 
In addition, selenium dehydrogenation of yohimbine yields, among other products, 
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yobyrine, CisEl; Ns (93), which is considered to be very nearly representative of the 
fundamental ring system of the original alkaloid. The elucidation of the structural 
formula of yohimbine (94), in which the position of the secondary hydroxy group 
appears to be the only uncertain feature, is due to the efforts of many investigators, but 
principally to Barger and Scholz (8,9). 


ERGOT ALKALOIDS 


The well-known drug ergot is derived from the mycelia of Claviceps purpurea, a 
fungus growth that occurs frequently on certain cereal grains, particularly rye. It is 
remarkable that a fungus, lacking the chloroplasts and chlorophyll of the higher plants, 
should be capable of elaborating the highly complex and toxic alkaloids known to exist 
in ergot. Quite probably these substances, as well as a large number of simpler nitro- 
gen bases and amino acids found in ergot, are formed by the parasitic action of the 
fungus on the protein of the plant on which they grow. A unique feature of the ergot 
group is that itis made up of a series of five pairs of isomeric alkaloids; the members of 
each ‘pair are interconvertible. Tach pair consists of one physiologically active and 
one physiologically inert member. 


TABLE IV. Ergot Alkaloids. 














Physi- 

Nane Tormula M.p., °C. [α]ρ ological 

(ehloroform) activity 
Ergotoxine Casha NOs (+ H0O) f 190-200 -- 197 + 
Ergotinine CasIHag N Os 229 (dec.) 4-365 στ 
Ergotamine Caa Egs NOn 180 —155 + 
Ergotaminine Caa Han NiO; 252 (dec.) -F381 — 
Yirgoerystine Chas HaoN Os 156 (dec.) — 174 + 
Ergocryslinine Cas Ha NOs 214 (dee.) +366 -- 
Ergosine ΟΠ Νεος 228 (dec.) —161 + 
Eergosinine ΟμΗ Νεος 228 (dee.) --420 -- 
Ergometrine Ciia NO: 212 (dee.) +42 + 

(ergonovine) 

Ergometrinine Cio T53 N30 195 (dee.) +413 -- 





Structural investigations have demonstrated that all of the ergot alkaloids can be 
hydrolyzed to lysergic acid (CigHigN2Q2) or ils amide, ergine, in addition to various 
lesser fragments. For example, ergotoxine and ergotinine are built up of lysergic acid, 
D-proline, L-phenylalanine, isobutyrylformic acid, and ammonia, probably joined in 
amide linkages, Lysergic acid has proved to be the largest and most important of the 
hydrolytic products, and the one to which the transformations and changes in physi- 
ological action are due. Our knowledge regarding the nearly complete constitution of 
lysergic acid is due principally to Craig and Jacobs (15) and to Smith and Timmis (74). 
As a result of extensive research, Jacobs and Craig have proposed formula (95) for 
lysergic acid, In support of this, citation was made of experiments that led to the 
synthesis of racemic 6,8-dimethylergoline (96). The latter apparently was identical 
with a transformation product obtained from racemic diliydrolysergic acid (88). 

Of the ergot-group, ergonovine, ergotoxine, and ergotamine are pharmacologically 
important because of their oxytocic effect on uterine muscle, 
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(95) Lysergie Acid (86) 6,8-Dimethylergoline 





STRYCHNOS ALKALOIDS 


The genus Strychnos is noted for Lhe complex alkaloids that occur in certain of its 
species, Strychnine and brucine, the two most important members of this group, 
oceur in the seeds of Strychnos nuz-vomica aad ii the beans of S. iguatii The alkaloidal 
content of these species approaches 3%, of which one-half to two-thirds is strychnine, 
the remainder being chielly brucine, with small amounts of four other related alkaloids. 
Sirychnine, C4H4N;0, (97), prisms, m.p. 270-290? C. (depending on the rate of hent- 
ing) [o]p — 139? (chloroform). It may be distilled unchanged at 270° at 5 mm. 
Brucine, CHa N:O; (97e), forms prisms containing 4 H»O, m.p. 105?C., or 178? (dry), 
[a]p —12*7? (ehloroform). Vomicine, CH; N;O, (98), isolated from the residues of 
strychnine manufacture, crystallizes in prisms, m.p. 282°C., [a] +80° (alcohol). 
Pseudostryechnine, CuHoN:Os, as well as the two colubrincs that follow, was first 
isolated from the mother liquors of strychuine crystallization. It oceurs as a eolorless, 
crystalline powder, m.p. 266°C. (dec.), [2]? —85° (chloroform). Pseudostrychnine 
may be converted to strychnine by reduction iu acid solution using zine dust. Con- 
versely, it has been shown that pseudostrychnine is formed by the atmospheric oxida- 
tion of strychnine in the presence of the copper-ammoniun complex. As a result of 
these data, pseudostrychume is represented as a hydroxystrychnine, the hydroxy 
group being attached to the methylene carbon atom adjoining the basie N (b) atom 
(see strychnie formula, (97)). 'a-Colubrine, Co F4 N:O0;4H,0 (97a), colorless erys- 


ON CH, oF CHO - 
cmol σπιο M 
(97) Strychnine (972) a-Colubrine (975) B-Colubrine (97c) Brueine 

tals, mip. 184°C, (dry), [a]? —76° (80% alcohol). g-Colubrine, CHa N:O: (97b), 


m.p. 222?C., [a]5 -- 108? (8095 aleohol). Oxidation of «colubrine with alkaline per- 
manganate yields N-oxalyl-4-methoxyanthranilie acid, while similar treatment of the 


C.H; 





(97) Strychnine (98) Vomicine 
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-isomer results in N-oxalyl-5-ncthoxyanthranilie acid. From these data it is thought 
that the colubrines may be related to stryehnine (97) and brucine (97e). The elucida- 
tion of the constitution of strychnine, not yet complete in every detail, has proved a 
most difficult problem. The foremost contributions have come from the laboratories 
of Leuchs (47), Robinson (67,69), and others. From the voluminous data that have 
been accumulated in this connection, the tentative Formula (97) has been proposed for 
the alkaloid. Brucine has been shown to he identical with o-dimethoxystrychnine. 
Like strychnine, structural studies in connection with vomicine have proved arduous 
and long. Since vomicine contains neither methoxy nor methylenedioxy groups, 
characterization of the four oxygen atoms has been uo simple matter. The provisional 
formula (98) for vomicine, based on the Robinson-Leuchs strychnine formula (97), 
has been proposed by Wicland (90). 

Strychnine is an exceedingly powerful poison, though in therapeutic doses it is 
chiefly used as a tonic owing to its local action on the stomach and small intestines. 
It is sometimes employed in certain forms of paralysis becanse of its stimulating action 
on the central nervous system. Brueine is about one-fourth as toxic as strychnine, but 
has a curare-like action on voluntary muscle. The toxicity of the other strychnos 
alkwloids ranges between that of brucine and strychnine, though pseudostr ychnine 1 is 
only one-third as toxie as brueino. 


ALKALOIDS OF THE CALABAR BREAN 


The leguminous fruit of the African vine Physostigma venenosum contain dark 
brown seeds, which are variously known as Ordeal or Calabar beans as well as Eseré 
nuts. These seeds, in the form of a finely divided, aqueous emulsion, have long been 
employed by certain West African tribes in the administration of justice to those 
accused of serious offenses; the fatal poisoning is doubtlessly due to the four or five 
alkaloids now known to occur in the beans. Of these alkaloids only physostigmine and 
geneserine are of importanec. Physostigmine (eserine), Cu H4 N40» (99), is dimorphous 
and forms stout prisms, m.p. 86-87?C., and 105—106?, the latter being the more stable 
form; [a]p —76° (chloroforin). The alkaloid is unigue in that it contains a carbamate 
(urethan) group, a structural type encountered in no other alkaloid. Mild alkaline 
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(99) Physostigmine (100) Eseroline 


hydrolysis results in the phenolie base eseroline, CigHigN20 (100), which can be con- 
verted back to physostigmine by the action of methyl isocyanate. The physostigmine 
formula arrived at through degradative studies has been confirmed by the complete 
synthesis of the alkaloid by Julian and Pikl (9). Geneserine, Cu HaN:O; forms 
prisms, m.p. 128°C., [æ]p — 175° (aleohol). The alkaloid differs from physostigmine 
by a single oxygen atom and can be reduced to the latter with zine dust in acetic acid. 
Conversely, treatmeut. of physostigmine y with hydragen peroxide results in geneserine 
aud, from these data, the latter is considered to he an N-oxide of physostigmine. It is 
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not known which of the two tertiary nitrogen atoms is involved. Physostigmine is 
employed as a miotic agent in ophthalmology. 


ALKALOIDS OF SENECIO 


The senecio alkaloids are of interest because they are derived from the plant family 
Compositae, one of the largest classified and one that is widely distributed throughout 
the world. Moreover, certain species, indigenous to Canada, New Zealand, and South 
Africa, are responsible for a peculiar liver disease frequently found in cattle accustomed 
to grazing in fields containing senecio growths. The poisoning is undoubtedly due to 
the toxie alkaloids present in these plants. Of the considerable number of alkaloids 
that have been isolated fron this genus, a few have been examined in some detail. 


TABLE V. Senecio Alkaloids. 











Name Formula M.p., °C. [α]ῃ 
Senecionine Cy Ha; NO; 292 —64.6 (chloroform) 
Squalidine | Cisi NOn 169 —26.9 (chloroform) ' 
Senecifoline | Casla N Og 195 +28 (alcohol) 
Seneeifolidine Ci sNO; 212 (doe.) —14 (alcohol) 
Retrorsine Cis HN Os 214 —17.6 (lcohol 
Jaeobine Cirta NOs 219 —46.8 (ehloroform) 
Jacodine Calli NO; 217 — 100.6 (chloroform) 
Senedplyylline Cult NO; 217 (dee) — 134.2 chloroform) 
Platyphylline CigH NO; 124 —45 (chloroform) 





Structurally, nearly all of the senecio alkaloids may be regarded as alkamine 
esters, which on hydrolysis yield two fragments, one basic in character, the other 
acidic. The acids uppear to be derived from cyclohexane or cyclohexanol and may be 
mono- or dibasic in character. As alicyelic hydroxy acids, they are often isolated in the 
form of lactones. It is interesting to note, in this connection, that quinie acid, from 
cinthona bark, is a tetrahydroxycyclohexanemonocarboxylic acid. ‘The basic portions 
of the senecio alkaloids appear, in the main, to be derived from retronecine, CgHisNOz, 
although in a few isolated cases the latter has been encountered as its dihydro or 
anhydro derivative. The constitution of retronecine (101) has been worked out 
principally by Adams and his students (1). 


QUINAZOLINI ALKALOIDS 


The alkaloid vasicine (peganine), Acanthaccac, was first obtained from the leaves 
of the Asiatic plaut, Adhatoda vasica, and was found to occur also in Peganum har- 
mala, the source of the harmala alkaloids (page 495). The optically inactive base, 


Hz 9 
HOr— CH,OH x | σαν ^X NH 
L X. J Su Ν΄ -ο “ΟΠ. L y! 
, H’ “OH 
f101) Retronecine (102) Vasieine (103) 4(3) -Quinazolone 


CuHyN20 (102), forms needles, m.p. 198°C. (dec.) or 211-212° (vac.), and readily 
yields crystalline salts. _ An optically active levo form of vasicine has been obtained 
‘from the fresh leaves of A. vasica and from the fresh flowers and stems of P. harmala. 
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Normally, racemization occurs during the working-up of the alkaloid. Evidence for the 
presence of a quinazoline ring system was secured hy the isolation of 4(3)-quinazolone 
(103) from a permanganate oxidation of vasicine; the remainder of the alkaloid is 
destroyed. Both st€reoisomeric forms of vasicine have been completely synthesized 
by Spith (76), thereby verifying the structural formula (102) arrived at by degradative 
processes. 


THE IMIDAZOLE GROUP--ALKALOIDS OF PLLOCARPUS 


Several South American species of Pdlocarpus, such as, P. jaburandz, P. méero- 
phallus, and P. spicatus, elaborate a small group of related alkaloids of which pilo- 
carpine is the most useful. Pilecarpine, Cul NóOs (104), occurs as a colorless oil, 
hs 260°C.; when crystalline, its mvp. is 84°, [ely +100° (chloroform). The hydro- 
chloride, B.HCI, forms prisms, m.p. 204-205?C., [a]p +91.7°. Although the alkaloid 


CH.CH-OH-CH-Q—NCH, CHCH-CHCOON  CJLCILQOID CH- CR- CH; C— NOH. 
OG CH. — HOS OH OG O O-C, CH: HG CH 


(104) Pilocarpine (105) Isopilopie Acid (106) Pilosine 


contains two nitrogen atoms, it reacts as a monoacidic, tertiary base. Structural in- 
vestigations have demonstrated the presence of a lactone grouping, isolated in the form 
of isopilopie acid (108), as well as àn imidazole rig system obtained as 1,5-dimethyl- 
imidazole. Irom this, and other evidenee, the structure (104) of pilocarpine was pro- 
posed. This was subsequently confirmed by the total synthesis of the alkaloid (62). 
Isopilocarpine, C, HacN2O», exists as such in the leaves of P. microphyllus and may also 
be obtained from pilocarpine by heating the latter (isomerization). The base is a 
colorless oi], bi 261°C., [aly +48°; nitrate, B.HNOs, prisms, m.p. 159?C., [e]p 
+36°. It has been suggested that pilocarpine aud isopilocarpine are to be considered 
as cis-trans isomers, the former being trans, the latter cis. Clearly this isomerism 
must be due to the nonbasic portion of the molecule. Pilocarpidine, CIT N30, 
isolated from the mother liquors of pilocarpine nitrate manufacture, is an oil, [aly 
+81°; nitrate, D.HNNOs, prisms, m.p. 137?C., [a] 4-73?. Pilocarpidine lacks the 
methyl group attached to the basic tertiary nitrogen atom in pilocarpine. Pilosine, 
CyHisNeOa, occurs in. P, mzerophyllus and crystallizes in plates, m.p. 187°C., [elp 
+40° (absolute alcohol). On the basis of results obtained from a series of investiga- 
tions, Pyman (63) suggested formula (106) for the alkaloid. Pilocarpine is occasion- 
ally used instead of physostigmine as a miotic in oplithalmology; it serves also to re- 
duce intraocular pressure (glaucoma). The diaphoretic properties of pilocarpine ren- 
cer it uscful m the treatment of dropsy. 


SOLANACKOUS ALKALOIDS 


The young sprouts or eyes of the potato, Solanum tuberosum, as well as several 
other Solanum species, contain an alkaloidal glycoside, solanine, which is readily 
hydrolyzed hy warm, dilute mineral acids to solanidine, the nitrogen-containing por- 
tion, and a mixture of sugars including glucose, galactose, and rhamnose. The solana- 
ceous alkaloids are unique in two respects: (a) they occur naturally in combination 
with a variety of sugars, and'(b) they apparently are derived from cyclopentenophe- 
nanthrene (R.I. 2562 (101)), the ring system common to that important class of natu- 
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rally occurring compounds, the sterols. Solanine, Ca Hz; NOu, forms colorless.needles, 
whose m.p. has heen variously reported as ranging from 245 to 285°C; [elp — 59° 
(pyridine). Solanidine, C;H4NO, crystallizes in needles, m.p. 219°C., [ely — 28.5? 
(alcohol). Solanocapsine, Ca EL NsO», forms flat prisms, m.p. 222?C., [a]p 4-25? 
Solanocapsidine, Cx.H,,.N.0., is amorphous, m.p. 305°C. The isolation of cyclopen- 
tenophenanthrene (Diel’s hydrocarbon) from the selenium dehydrogenation of solani- 
dine accounts for the greater part of the structure of the alkaloid, though the funetion 
of the uitrogen atom is still obscure. A tentative and partial formulation of the struc- 
ture of solanidiue hag beeu suggested (107). 


ALKALOIDS OF SABADILLA AND VERATRUM 


"The seeds of sabadilla, Sehoenocaulon officinale, and the roots of the white and 
green hellebores, Verairum album and. V. viride (these plants all belong to the family 
Liliaceae), contain a group of related, complex alkaloids. Several of these bases appear 
to be aleamine-ester types, and yield acidic as well as basic fractions upon hydrolysis. | 
Some of the acids encountered are: -methylethylacctic, methylethylglycolic, verat- 
ric, angelic, and tiglie. The basic portions, on the other had, are execedingly com pli- 
cated. 

(1) Sabadilla Alkaloids. Cevadine (crystalline veratrine), CaHa NOs, crystallizes 
in prisms containing two molecules of ethyl alcohol; the solvent-free crystals melt at 
205°C., [e] 4-12.5? (ethyl alcohol), Cevadine is hydrolyzed by warm alcoholic 
alkali to angelie and tiglie acids and cevine, Co Ha NO«.3!/4H50 (108), m.p. 195-200?C., 
le]p —17.5? (ethyl alcohol). Veratridine (amorphous veratrine), Cys NO, eolorless 
powder, m.p. 160-180?C., [a]n -F8? (aleohol) Alkaline hydrolysis of veratridine 
yields veratrie acid and verine, whose identity with eevine has been established. 
Sabadine, CyHs NOx, forms needles, m.p. 238--240°C. (dec.). 





H 
ση. CCH, 
CH,0 Í 
| GHNHCOCH, 
CH; CHON ἃς 
T 
Bc CH;Ó ο 
CHOCH,; 
CH: 
(107) Solanidine (108) Cevine (Verine) (109) Colchicine 


(2) Veratrum or Hellebore Alkaloids. Jervine, CosHs;NOs.2 HO, forms long 
prisms, nip, 243-244°C. (dec.), [w]i} —150° (alcohol). The existence of a close rela- 
tionship between jervine and cevine has beon established by the careful investigations 
of Craig and Jacobs (16,17,18) (see below). Psuedojervine, Cj H44NOs, erystallizes in 
tablets, m.p. 300-307?C., [a] —139° (chloroform), The alkaloid is regarded as a 
secondary base containing four hydroxy groups, uo methoxy or methylenedioxy 
groups, Rubijervine, Cy HNO». H30, obtained in the form of prisms, m.p. 240-246? 

„ differs from psuedojervine iu being tertiary in character, and by the greater solu- 
ον of its sulfate in water. It contains two hydroxy groups, but no methoxy or 
methylenedioxy groups. Protoveratrine, CH; NO, assumed to be responsible for the 
toxie properties of white hellebore, forms rectangular plates, m. p. 255-256°C. (dec.), 
fol) —9.1° (chloroform). Alkaline hydrolysis of the alkaloid gives rise to l-methyl- 
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ethylacetic acid, methylethylglycolic acid, and the amorphous base protoverine, 
(ΠΟ. Germerine, Ci Hz NO, erystallizes in leaflets, m.p. 193-198?C.. (dec.), 
[aly +10.8° (chloroform), On alkaline hydrolysis it yields Lmethylethylacetic acid, 
methylethylglyeolit àcid, and a new Dase, germine, CHa NOs. The latter crystallizes 
from hot water in rods, m.p. 220°C., [efb 4-4.7* (B.H30, absolute aleohol); it may be 
related structurally to cevine. Protoveratridine, Ca HaNO,, m.p. 266-267°C, (dee.), 
apparently does not occur as such in the plant, but is produced by the partial hydroly- 
sis (barium hydroxide) of germerine, only methylethylglycolie acid (one molecule) he- 
ing split out. It is interesting to note that jervine, psuedojervine, and rubijervine differ 
from proteveratrine and germerine in uot being aleamine esters. 

Structural investigations in this difficult ficld have necessarily been slow. Craig 
and Jacobs (16,17,18) have isolated more than thirty degradation products of different 
types from. eevine. In addition, jervine, on selenium dehydrogenation, hus yielded 
hydrocarbons of the same types as those derived from cevine under similar conditions, 
thereby strengthening the view that a close relationship exists between the two bases. 
Moreover, selenium dehydrogenation of solunidine gave a basic fraction, the picrate of 
which was apparently indistinguishable from the pierate of a similar produet obtained 
from cevine under identical conditions (21). Furthermore, it was demonstrated that 
pseudojervine and veratrosine occur conjugated to sugars (20). This would appear to 
indicate that the veratrine alkaloids are structurally akin to the solanum group wd, 
thus, to the sterols as well. From the mass of data that has been collected, the ring 
system (108) has been tentatively suggested for cevine. The poisonous properties of 
the sabadilla and hellebore alkaloids are apparently due to their depressing effeet on 
the central nervous system, with respiratory paralysis usually resulting. 


ALKALOIDS OF COLCHICUM 


Colchicine, CHa NOs (109), occurs in the seeds of the autumn crocus, Colchicum 
autumnale, and crystallizes from ethyl acetate in yellow needles, m.p., 155-157°C., 
[a] —121? (ehloroform). Despite the great amount of effort and ingenuity expended 
in attempts to clucidate the constitution of this alkaloid, information regarding certain 
structural details is still lacking. The fundamental work of Windaus (94) represented 
colehicine as a derivative of phenanthrene, but this view was disputed by Cook, who 
thought that the central ring of the three-ringod system of the alkaloid might, be seven- 
membered. This idea appears now to have been verified fo a certain extent by the 
work of Tarbell (84) as well as by that of Cook (11), and the fornia of colchicine may 
be represented as (109). Considerable interest in colchicine has developed as a result 
of the observation that the alkaloid inhibits mitosis in plant and in animal cells alike. 
These results, however, are not conclusive and in certain instances the alkaloid has 
been found not to be specifie towards cells of the malignant type. Moreover, it appears 
that the amount of colchicine required to arrest effectively the enlargement of trans- 
planted tumors is dangerously toxic. 


ACONITE ALKALOIDS 


The alkaloids isolated Irom Aconitum species are complex and as yet of largely un- 
determined structure. They may be grouped, approximately, into two series, the 
atisines and the aconitines. The atisines are amino polyhydrie aleohols and are of 
low toxicity. The aconitines are esters of amino polyhydrie alcohols; on alkaline 
hydrolysis they yield, usually, two molecules of acid and an amino polyhydric alcohol, 
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the latter called aconines. The aconitines are extremely toxic, a dose of 3 mg. being 
reported as fatal toa horse. At toxic levels they cause respiratory paralysis; prickling 
in the throat and on the skin are characteristic symptoms. They are prescribed to in- 
crease tonicity. The aconines, like the atisines, are comparatiy cy nontoxic and. ex- 
hibit: activity antagonistic to the aconitines. 

Aeconitine, Ca Ha; NOs, rhombic crystals, nip. 197-198°C,, falp 4+14.61°; hydro- 
ehlorido, m.p. 104-195?; perehlorate, m.p. 215-222^; it is obtained from Aconitum 
napellus. On hydrolysis with water under pressure it loses one molecule of acetic acid, 
forming benzoylaconine (CIT; NO), ni.p. £30?C., [a] 4-5.6?; on alkaline hydroly- 
sis both acetie and benzoie acids are removed, leaving aconine, Cos FL a NO, m.p. 132?C.., 
[o]p 4-23?. A partial structure of aconitine may be written as follows: 

' —OOCCH, 

—OOCC Hs 
(αυ —(OCTT, Ja 
—(OIT) 
NOM 
Tt is probable that this, as well as the other aconite alkaloids, is built on a phenanthrene 
skeleton (18). Neopelline, Ca HigN Og, isolated from commercial aconitine, on hydroty- 
sis yields acetic and benzoic acids and neoline, Co Ha NO. A partial structure for the 
alkaloid is (19): 
—OOCCH; 
Caua -OOC Ha 
= =NCIIy 
Jesaconitine, CHwNOw, m.p. 128-131°C.; perchlorate, m.p. 230-232? (dee.), [el 
—16.7°; it has been isolated from A. sachalinense and A. subewneatum. On alkaline 
hydrolysis acetic acid, benzoic acid, and aconine are formed. Mesaconitine, CasH.;- 
NOn, prisms, m.p. 208-209°C., [a] +25.7° (chloroform); perchlorate, m.p. 217-225° 
(dee.); it appears in several Aconitum species. A partial structure shows the following 
groups (52): 
—(OCEII)s 
—(OH), 
—OOCCII 
—O0COH; 
TASO 
—CH: 
==C—OCH; 
N 
ΟΠ. 
—cmnénor 


Pseudoaconitine, CssEf; NOx, m.p. 212-213?C., [æl -- 17.06? (aleohol); ehloroaurate, 

m.p. 233°; it occurs in A. deinorrhizum and ou alkaline hydrolysis forms acetic and 

veratric acids and pseudoaconine, Co HaN Os. A partial structure shows the following: 
—(OCH) 


πο). 

CuHss1-—OO CC4HS(OCH)o 
—OOCCH; 
—NCH; 


Οι Ην 





Indaconitine, Cua NO, m.p. 202-203*C., [e]p 4-18.3? (aleohol); hydrobromide, 
m.p. 188-1877; i£ oceurs in. Aconitum chasmanthwm and on alkaline hydrolysis yields 
„acetic acid, benzoic acid, and pseudoaconine.. Bikhaconitine, Cx H; NO: m.p. 113-. 
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116°C., [a}p +12.21° (aleohol); chloroaurate, m.p. 232-233°: found in the roots of 
Aconitum spicatum; on hydrolysis in alkali it forms acetic acid, veratrie acid, and 
bikhaconine, Ces HaiN Or, [α[Ὦ +33.85°. Lycaconitine, Cas Haa NO qs, [a D +42.5°, on 
alkaline hydrolysis forms succinylanthranilic acid and lyeoctonine, Cu;HaNO; From 
Aconitum heterophyllum have been isolated the following (19): Atisine, C»H. NOs, 
m.p. 57-60?C.; hydrochloride, m.p. 311-312? (dec), [a] --28? (water). Heter- 
alisine, CoH4NO:;, m.p. 262-207*C. (dec), [w]]j +40°, hydrochloride, m.p. 265-270° 
(dec.). Hetisine, CaHaNOs, m.p. 253-256°C, (dec.), [lel +13.7°; hydrochloride, 
m.p. 825° (dec.). Other aconite alkaloids, with structures less understood, include: 
Staphisine, found in Delphinium staphisagria, [a] —159° (water); nitrate, m.p. 236- 
243°C. (dec.); probably a dimethylphenanthrene derivative (18). Hypaconitine, 
CaHaNOm, m.p. 197-198°C. (dee.), [alb +22.7° (chloroform). Lappaconitine, 
CagHa4NSO« or. CgHaNS0,, m.p. 223?C., [αἰρ +22.8° (benzene). Septentrionaline, 
Ca Ha; NoOo, m.p. 131?C., [a]i5 +32.7° (alcohol). Myoetonine, (Ca;HLoN2O:0s, [o]] 
--44.7? (aleohol). Lueiduseuline, C4ITz NO, m.p. 170-171?C., [e]p. — 95.5? (ehloro- 
form). 
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L. J. SanagNT AND W. H. Hamruxa 


MANUFACTURE 


Because the alkaloids of commerce are, in the main, the active ingredients of the 
classical exotic drugs, their manufacture is steeped in tradition. While the literature 
on industrial isolation of alkaloids describes many minor variations, the procedures 
followed in actual practice are empirical ones, based upon the solubilities of the alka- 
loidal bases and their salts. Medicinal alkaloids are usually expensive compounds. 
Fortunately, most alkaloids are prescribed in minute doses, and this permits their 
widespread use in therapy. The high costs of these compounds are due partly to the 
fact that they are obtained from relatively expensive natural materials and in poor 
yield. A major cost factor, however, is the isolation procedure, which is often’ quite 
elaborate. Since many alkaloids are unstable and occur in very small amounts in 
their source materials, relatively expensive procedures, such as large-scale extraction 
with volatile solvents, vacuum distillation, and the use of glass-lined equipment, are 
often required. 

The discussion, which follows, concerns general principles of production rather 
than details of processes for single alkaloids. The purines (which are in any case not. 
truc alkaloids) and nicotine are isolated according to other principles, and are not dealt. 
with here (see Caffeine; Tobacco). Almost all of the remaining major alkaloids of com- 
merce may be isolated by one or another of certain general methods, the choice of which 
will depend upon the nature and quality of the raw material, and the availability of the 
solvents and equipment required. 

The manufacturing methods discussed in this article have been classified accord- 
ing to the solvents used and the procedures by which the alkaloids are subsequently 
recovered from the solvent. 


Extraction by Solvents immiscible with Water 


For direct removal of the alkaloids by immiscible solvents, it is first necessary to 
liberate the alkaloids in the form of their free bases by alkaline treatment. Mild alka- 
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lies, such as ammonia and sodium carbonate solutions, are usually used for this pur- 
pose. The drug is moistened with a dilute solution and allowed to dry in air before 
being packed into the extraction chamber. In the case of the more stable alkaloids, 
such as those of cinchona, the drug is ground together with slaked lime and caustic soda 
golution. Extraction with an immiscible solvent has the major advantage that if is 
highly seleetive in the removal of the alkaloid bases and leaves behind the proteins and 
carbohydrates that make up the major constituents of the plant material. 

Since the immiseible solvents are also usually fat. solvents, it is necessary to take 
precautions to avoid contamination of the extract by fats. Where large quantities of 
fats are known to be present, as in the case of seeds, the crude drug is usually extracted 
with a fat solvent such as petroleum ether or gasoline before tho liberation of the alka- 
loids. Alternatively, the fats may be removed from the extract at a later stage, but 
often this is more troublesome. Where the alkaloid extraction is to be carried out in 
continuous systems it is usually easier to remove the fat before the alkaloids are ex- 
tracted. 

Extraction with a Solvent That Is Subsequently Distilled. Typical solvents that are 
used in this operation are the low-boiling solvents, such as ethyl and isopropyl ether, 
and methylene chloride (dichloromethane). These lend themselves particularly well 
to the Soxhlet-type continuous extraction. Methylene chloride is particularly recom- 
mended for such an operation because it is free from the flammability hazard. 

When the extraction is complete, the solvent is distilled off and the residue is dis- 
solved in warm dilute acid. The acid extract is allowed to stand to deposit resins and 
fats and is then filtered. It may be treated with an immiscible solvent at this stage for 
further removal of fats and resins, and then, if it is sufficiently pure, it may be concen- 
trated to yield crystals of the acid salt. Usually, however, it is necessary to make the 
alkaloid solution alkaline once more mud transfer to an immiscible solvent. The alka- 
loid then may either be recovered as the base or again transferred to acid for crystal- 
lization as the acid salt. This final step may be accomplished by shaking with an 


equivalent amount of concentrated acid or by dissolving in dilute acid and then con- 
contrating 4» vacuo. 


TABLE I, Occurrence of Alkaloids in Medicinal Prescriptions. 








. Number of Number of 
Alkaloid ΚΝ ΠΠ Alkaloid δν ος 
prescriptions preseriptions 

Tincture of belladonna 99 Ephedrine sulfate 31 
Camphorated tincture of opium 00 Codeine sulfate 27 
Tincture nux vomica 49 Atropine sulfate 24 
Tincture hyoseyamus 44 Quinine sulfate 21 
| Morphine sulfate 18 





Source: H. M. Burlage, J. Am. Pharm. Assoc., Pract. Pharm. Ed., 7, 210 (1946). 


The use of a low-boiling solvent in a continu ous extractor is the most elegant and 
also the most expensive means for alkaloid extraction. Tt is used only in the case of the 
more expensive and fragile alkaloids, such as hyoscine or eserine, and even in these 
cases, for economic reasons, it is no longer the method of choice. 

Lixiraction with a Solvent That Is in Turn Extracted by an Acid. Typical solvents 
that are used iu this operation are ethylene dichloride (1,2-dichloroethane), trichloro- 
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ethylene, chloroform, benzene, ethyl acetate, and high-boiling petroleum fractions. 
Here a closed system ts no longer necessary and the drug may be percolated with the 
solvent, which is subsequently stirred with acid. The extracted solvents may be re- 
covered by steam distillation, although this is not resorted to until each batch has 
been used several times. There is some advantage in allowing the solvents to become 
saturated with respect to the nonacid extractable contaminants; this is made use of in 
continuous systems where the solvent is pumped through the drug percolator and then 
through a liquid-liquid extractor in a continuous fashion, 

Tn the case of the hardier alkaloids, such as those of cinchona and strychnos, the 
extraction may be carried out in steam-heated ball mills with hot oils that are later 
agitated with sulfuric acid solution and then re-used. 


Water-Miscible Solvents 


The usual water-miscible solvents are the lower fatty alcohols and acidified water. 
With few exceptions, these are the most economical and the most widely used alkaloid 
extractants. They possess the disadvantage of being excellent solvents for many of 
the nonalkaloid constituents of the plants, but in some cases this disadvantage is not of 
serious consequence. ` 

Extraction with a Water-Miscible Solvent That Must Then Be Distilled. The typ- 
ical solvents used iy this process are methanol, ethyl alcohol, and isopropyl alcohol. 
The alcohols are usually good solvents for both the alkaloidal salts and the free bases. 
Pretreatment of the drug is therefore unnecessary. In special cases, however, it may 
be recommended to acidify or alkalize the solvent. The alcohols are exccllent pene- 
trants and will permeate and leach the plant tissue even in the presence of moisture. 
This is of particular interest where poorly dried or fresh plant material is to be used. 
Heat is often used to improve the solvent action. Hot aleohol may be applied or 
steam-jacketed pereolators may be used for this purpose. 

When the drug is thoroughly exhausted, the extract is concentrated, usually under 
vacuum. The residue is dissolved in acid, filtered, and extracted with a solvent to re- 
move some of the nonalkaloid contaminants. The aqueous residue is then made alka- 
line and the alkaloids are transferred to a solvent and purified in the same manner as 
previously described (see “Extraction by solvents immiscible with water,” 507). Alco- 
holic extraction is probably the most frequently used procedure in isolating alkaloids. 

Alcoholic extracta of alkaloid-bearing drugs are official preparations in the pharma- 
copoelas of most countries and still are widely prescribed in medicine. In support of 
the high standing of these extracts is the belief that they contain therapeutically active 
ingredients other than the isolable alkaloids. Most pharmacologists no longer adhere 
to this belief, at least as regards the most frequently used drugs, of which the physi- 
ological activities of all the constituents have been thoroughly explored. At any rate, 
the continued use of alcohol extraction for the isolation of pure alkaloids has little more 
than tradition to recommend it. | 

Extraction with Acidified Water rom. W hich the Alkaloids Are Subsequently Removed, 
The use of water, the cheapest and most readily available solvent, is generally limited 
by the difficulty with which the alkaloid may be recovered from the extractant. Since 
water is also the best solvent for the other plant ingredients, subsequent purification of 
the alkaloids often requires elaborate procedures. A very old procedure recommended 
by Guareschi (21) sought to overcome this difficulty by first percolating the drug with 
an alkaline aqueous menstruum to remove the major portion of the nonalkaloidal water 
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Colchicine” 


Emetine 


Ephedrine” 


` Ergotamine 


Hydrastine 


Hyoscyamine 


Lobeline 
Morphine? 
„Nicotine 


Physostigmine 


| Physostigma 





Colchicum autumnale 


Tpecae 


Ephedra, 


Ergot 


Aydrastis canadensis 


Henbane; belladonna; 
Datura; and other 
varieties of Solo- 
naceae 

Lobelia 


Opium (7.5 to 1507) 
Tobacco 


vena 
Sun 





Antipodagric; antirheumatic; 
antineuralgic; analgesic 


Emetie; expectorant; anli- 
pyretic; specific for amebic 
dyseutery 


Vasoconstrictor; ireatment 
of hay fever, asthma, cir- 
eulatory failure, narcotic 
poisoning 

Parturient; emmenagog; Cx- 
citomotor, hemostat; 
acholie 

Autiseptic; astringent; hemo- 


static; tonie; alterative; 
emmenagog; cardiac seda- 
tive 


Hypnotic; cerebral sedative; 
mydriatic 


Expectorant; nauseant; enet- 
ie; respiratory stimulant 
Nareatic; sedative; hypnotic; 

anodyne 
Local irritant; 

antiparasitic 
Sedative; autineuralgie; din- 


paralyzant; 


phoretic; depressant; purga- 


tivo; myotie; sialagog; anti- 
tetanic 





ALKALOIDS 
TABLE VW. Principal Alkaloids of Commerce. 
Alkaloid Source Physiological action pigie salts as Listed n 
Aconitine Aconitum napellus Diuretic; sudorific; antineu- 
ralgie; local anesthetie 
Apomorphine | Dehydration of mor- | Cardiac depressant; emetie; | Hydrochloride 
phine expeetorani sedative; 
hypnotic 
Arecoline Areca catechu Cathartic; siulagog; myotie; | Lydrobromide 
anthelmintic 
Atropine” Henbane; belladonna; | Antispasmodie; stimulant; Sulfate 
Datura; amd other anhidrotie; aniisialagog; 
varieties of Solo- analgesic; mydriatic 
naceae 
. Berberine Berberis Antiperiodic; stomachic; tonic 
Brucine Nux vomica Similar to strychnine, but | Sulfate 
. milder 
Cinchonidine | Cinchona Tonic; antiperiodic; like qui- | Sulfate 
. nino, but weaker 
Cinchonine Cinchona Tonic; antiperiod’e; like qni- | Sulfate 
nine, but weaker 
Cocaine” Coca leaves; and | Stimulant; local anesthetic; | Hydrochloride 
' other varieties of sedative; antisialagog; 
Erythroxylon mydriatic; anodyne; anhi- 
drotic; antipruritie 
Codeine“ Methylation of mor- | Analgesie; hypnotie; seda- | Phosphate; sulfate 
phine iive 


Hydrochloride 


Hydrochloride; sulfate 


Tartrate 


Hydrochloride 


Tiydroebloride; sulfate 


Balieylate 
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O ficial salts as listed in 








Alkaloid Source Physiological action U.S.P. NOI or NL. VIIL 

Pilovarpine Pilocarpus Diuretic; sialagog; — galac- | Hydrochloride; nitrate 
iagog; myotie; diaphoretic 

Quinidine Cinchona Inhibitor of auricular fibrilla- | Sulfate 
tion; antiperiodie; tonic; 
antiseptic 

Quinine” Cinchona Tonic; emmenagog;  anti- | Bisulfate; dihydro- 
periodic; antiseptic; unti- chloride; ethyl ear- 
pyretic bonate; — hydrobro- 


mide; hydrochloride; 
phosphate; — salieyl- 
alo; sulfate 





Scopolamine Datura; and other | Mydriatic; hypnotic; seda- | Hydrobromido 
varieties of Solo- live 
naceue 
Sparteine Sparlium. — scoparius; | Cardiae stimulant; diuretic Sullate 
Anagyris foetide . 
Strychnine” Nux vomica Tonic; stomachic; stimulant; | Nitrate; phosphate; 
spimant; excitomotor sulfate 
Yohimbine Yohimbi Aphrodisine; local anesthetic; 
mydriatic 


* Tree base listed in U.S.P. XIII or in N.F. VIII. 


solubles. Such a method cannot be expected to give good yields since none of the 
ulkaloidal ba&es is eompletely insoluble in water. Guareschi's procedure was reversed 
iu a method patented in 1916 by Stoll (10), who first acidified the drug, extracted it 
with an immiscible solvent to remove soluble nonbasic impurities, aud then made the 
drug alkaline and extracted it with the same solveut, this time obtaining a somewhat 
purer alkaline extract. 

Another variation was the patent of Casamajor (8) in 1888 in which cinchona bark 
was extracted first with aqueous alkali and then with aqueous acid. The two solutions 
are then combined with the result that “a double decomposition takes place, by which 
the acid and the alkali employed for the extraction form a soluble salt, while the 
natural acid principles of the bark combine with the natural alkaloids, forming a 
precipitate." 

As an exception to the general rule, the opin alkaloids are commercially ex- 
tracted by means of a calcium chloride solution. The alkaloids dissolve in the form of 
their hydrochlorides aud the organic acids are precipitated as insoluble calcium salts. 
This procedure is made possible in this case because the raw material used is opium, 
which is obtained as the dried latex or unripe fruit of the opium poppy. Opium thus 
represents a highly concentrated source of alkaloids, which, unlike the plant parts that 
are used as a source for most other alkaloids, lends itself particularly well to this special 
treatment. According to a procedure patented by Mallory (12), a more complete re- 
covery of opium alkaloids is obtained by digesting opium with boiling 5% sulfuric acid. 
The resins and fats are removed from the acid extract by solvent extraction and the 
alkaloids are recovered by fractional precipilation with alkali. 

Another, but much less concentrated source of opium alkaloids, is poppy straw. 
The straw, which is made up of the leaves, stems, and pods of the poppy from which 
opium has been removed, had traditionally been considered worthless as a raw ma- 
‘terial. IKabay (11) in 1935 patented a process for the extraction of opitun alkaloids 
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from poppy straw, using countercurrent percolation hy acidified water. The percolate 
is concentrated ¿n vacuo, the pH is raised, and ethyl alcohol is added to precipitate pro- 
telus and saccharides. The filtrate is again concentrated and ethyl aleohol and sodium 
hydroxide are added. The morphine remains in solution as the sodium salt and the 
other opium alkaloids, narcotine, codeine, and narceine, are precipitated out. Poppy 
straw is also utilized as a raw material in a process hy Frey and Wiest (14) patented in 
1038. Water is'used conntereurrently and is then brought. to a pH of 9 and treated in a 
liquid-liquid extractor with an immiscible solvent. 


TABLE IV. U.S. Prices of Some Common Alkaloids of Commerce During the Prewar Year 1939. 






































_ Price, Prive, 
Commodity Amount, — Pt dollars Commodity Amount ia 
High Low High Low 
Aconite root lb. .50 .25 | Tiydrastino alkaloid 02. 17.00 | 17.00 
Apomorphine hydro- Tiydrastine hydro- 
chloride oz. | 23.70 | 28.70 chloride Os. 17.00 | 17.00 
Atropine alkaloid Oz. 7.00 | 5.25 | Hydrastine sulfate oz. | 19.00 | 19.00 
Atropine sulfate OZ, 4.00 | 2.85 | Loheline sulfate οὐ. 8.76 | 8.75 
Belladonna leaves lh. .81 .12 | Morphine alkaloid oz. | 11.15 | 11.15 
Cinchonidine sulfate OZ. .50 .45 | Morphine acetate oz, 8.80 | 8.80 
Cinchonine alkaloid οὐ, .54 .50 | Morphine, ethyl-, 
Jinehonino sulfate Oz. .38 D: hydrochloride oz. | 10.55 | 10.55 
Cocaine alkaloid oz. | 12.57 | 12.57 | Morphine hydro- 
Cocaine hydrochloride | oz. 9.75 | 9.75 chloride Q5. 8.85 | 8.85 
Codeine alkaloid oz. | 11.70 | 11.70 | Morphine sulfate oz. 8.75 | 8.75 
Codeine hydrochloride | oz. | 10.50 | 10.50 | Pilocarpine hydro- 
Codeine phosphate 07. 9.00 | 9.00 chloride a2, 41,00 , 2.40 
Codeine sulfate oz. | 10.50 | 9.50 | Pilocarpine nitrate 02. 3.90 | 2.40 
Calehicine alkaloid oz. | 22.00 | 22.00 | Poppy flowers lb. 1.15 -50 
Colchicine salicylate oz. | 35.50 | 35.50 | Quinidine alkaloid oz. .00 .ΤΩ 
Ephedra vulgaris Ib. ... .08 | Quinidine sulfate 02. 67 OL 
Ephedrine alkaloid 03. 2.25 | 1.60 | Quinine bisulfate OZ. 62 .63 
Ephedrine hydro- Quinine dihydro- 
chloride OZ. 1.60) 1.85 chloride 04. .83 -7E 
Ephedrine sulfate oz. 1.60 | 1.35 | Quinine sulfate 07, 68 σοι, 
Ergot Ih. 3.60 | 1.25 | Sparteino sulfate az. 1.50 | 1.00 
Eserine alkaloid oz. | 42.00 | 42.00 | Stramonium leaves lb, 18 .12 
Eserine salicylate oz. | 36.00 | 33.00 | Strychnine alkaloid oZ, .50 .B0 
Golden seal root 15. 3.60 | 2.80 | Strychnine glycero- 
Tenbane leaves lb. .65 .18 phosphite 03, „07 67 
Strychnine sulfate OZ. «19 .42 














Source: Drug and Cosmetic Review, Drug and Cosmetic Industry, N.Y., 1989-40. 


When the acid aqueous extract is fairly concentrated in alkaloids and the alka- 
loidal bases are relatively insoluble in water, it is possible to recover the alkaloids in 
fair yield by filtering them off after neutralization; an example is an acid-aqueous ex- 
tract of cinchona bark, in which case the raw material may have a 5% alkaloid content. 
Simple and economical methods for the production of crude-alkaloid concentrates have 
-been employed in India, the Philippines, and South America as a source of a cheap anti- 
malarial (7). If the raw materials used consist of leaves, stems, seeds, aud woody parts, 
the aqueous extract will be richly contaminated; hence it is preferred to leave these 
contaminants behind in the aqueous phase and isolate the alkaloids hy neutralization 
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followed hy extraction. Dilute hydrochloric, sulfuric, and acetic acids have been used 
to extract the bark. The alkaloids recovered from such pereolates by fractional nen- 
tralization constituted, after further purification, the mixed extract known as tota- 
quine, When great eare is taken in the neutralization, considerable amounts of color 
and other contaminants may be precipitated separately before the alkaloids, Even 
under the best conditions, however, the yields are far from quantitative and the result- 
ing produets are markedly variable and impure. This state of affairs is not too serious 
in the ease of cinchona alkaloids since further purification is relatively simple and the 
economics allow for a poorer yield. Furthermore, the use of a crude mixture of ein- 
chona alkaloids as an antimalarial is a wch accepted practice, as evidenced by the in- 
elusion of totaquine in the U.S.P. XIII during wartime (6). Totaquine must contain 
not less than 10% of anhydrous quinine and not less than 70% nor more than 80% of 
total anhydrous crystalline cmchona alkaloids (27). 

Hydrastine, which occurs in the dried rhizomes and rootlets of Hydrastis cana- 
densis in 2.5 to 5% concentration, is rugged enough to permit extraction by acidified 
water, which is then concentrated im vacuo to a sirup. Berberine, whieh occurs with 
hydrastine, is separated as the sulfate, and the filtrate is made alkaline; hydrastine 
precipitates, and is filtered off aud purified by reerystallization, 

For erude drugs that have à low alkaloid content or contain more fragile alkaloids, 
this method meets with too many difficulties to make it appropriate. The alkaloids 
must be removed from the extract by means of a solvent, and the fact that the acidified 
aqueous extract must. first be made alkaline prevents the use of a completely continuous 
cycle. The volumes involved then tend to be large, and troublesome emulsions are 
encountered because of the presenec of surlace-active ingredients in the aqucous extract. 


Adsorption Methods 


For the isolation of alkaloids from large volumes of highly dilute extracts, the use 
of adsorbents is indicated. The ideal adsorbent for such a purpose is one that preferen- 
tially adsorbs the alkaloid (together with a minimum of contaminants) and permita 
its easy recovery in a concentrated and relatively pure state. The patent literature 
describes many schemes for recovering alkaloids by adsorption, but very few have 
shown results in actual practice, Many adsorbents have been found useful in removing 

Ikaloids from solution in organic solvents and several have lent themselves to use in 
aqueous mediums. Of the latter adsorbents, activated carbon and the activated clays 
have been used most successfully. To achieve optimum adsorption, the pH must be 
carefully controlled so that the alkaloid is in its most adsorbable form, that is, under 
conditions of its least solubility in the fluid.medium. The alkaloid is recovered from 
the adsorbent by elutriation (elution), which depends upon subjecting the adsorbate to 
liquid-solid interfacial energy conditions of opposite character to those prevailing 
during adsorption. Here the adjustment of pH or the use of another solvent may be 
indicated. While activated carbon will readily remove alkaloids from aqueous solu- 
tions under almost. any conditions, elution of the adsorbate has not proved efficient, 
enough to warrant its general use in alkaloid recovery. 

Fink (13) has patented the use of a mixture of kaolin and asbestos as an adsorbent 
for cinchonine and quinine from dilute aqueous solution. In this procedure the adjust- 
ment to an alkaline pH is stated to produce a fine dispersion of alkaloid particles with 
minimal solubility and dissociation characteristics and possessing an. electrical charge 
opposite to that of the adsorbent. 
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Ion-Exchange Methods 


Since alkaloids form strongly basic cations, their removal from dilute aqueous 
solution by ion exchange represents a most promising procedure. A patent granted to 
Lloyd (9) in 1919 cites the use of a hydrated magnesium silicate clay to “precipitate” 
alkaloids from neutral or slightly acidic aqucous solutions. An alkaline solvent is used 
to liberate ihe alkaloid from the clay. The base-exchanging clays (those capable of ex- 
changing cautions such as Na+ and Ca?+) are of limited usefulness, however, sinec they 
are of low exchange capacity and unstable in acid solution. 

Tydrogen-exchange adsorbeuts, such as the sulfonated coals and resins (see Ton 
exchange), are capable of cation exchange under any conditions of pH. and can be used 
in strongly acid mediums and under rugged conditions. A procedure patented by 
Tiger and Dean in 1942 (15) uses sulfonated coal to adsorb nicotine from aqueous solu- 
tion and recovers the alkaloid from the exchangers by means of constant-boiling hydro- 
chlorie aeid. £ 

Alkaloids may also be liberated from the base exchangers by use of an alkali to- 
gether with, or followed by, an alkaloid solvent. The reactions involved may be repre- 
sented hy the following equations, in which HZ stands for the cation exchanger, and 
Alk for the alkaloid: 


HZ + [Ak HO ——— [Alk.H]4 + HCL (1) 
[ AIk.I1]Z -- NaOH. ———29 Alk + Naz + HO (2) 


The alkaloid, which is now in the form of an insoluble base, is dissolved out by means 
of an organic solvent. . 
Tf a dilute acid is percolated through an alkaloid-bearing drug, some of the acid 
will be neutralized by the formation of alkaloid salts, which will then dissolve. If this 
solution is then passed through a column of a hydrogen exchanger, the cationic alkaloid 
will be exchanged for hydrogen, thus replenishing the acidity while removing the alka- 
loid. Ton exchange is the basis for a cyclic extraction system that may be used to 
exhaust the drug completely, and to transfer the alkaloids to the exchange column. 
This system was first investigated by Applezweig (1) iu 1944 and put into practice 
for the isolation of scopolamine and quinine: it can be used either in portable equip- 
ment or in large-scale operations. A pump withdraws acid liquor from the extractor, 
recirculating part of it, and sending the remainder through three ion-exchange columna 
in series and thence back to the extractor. The alkaloids are recovered from the ion- 
exchange columns periodically by means of ammoniacal alcohol (2). | 
The ease with which alkaloids may be extracted by the cyclic ion-exchange system 
later permitted its adaptation to a field process for the extraction of cinchona alkaloids - 
(2). Experience with the cinchona extraction unit disclosed the feasibility of extracting - 
alkaloids from fresh, undried bark. In this case aqueous acid proved to be the most 
efficient and economical solvent. | 
The acid extraction of alkaloids by the cyclic ion-exchange system may be ex- 
pected to compare favorably with any of the methods now in commercial use. The 
procedure is of special interest where low-grade material is to be processed or fresh 
plants can be utilized. 
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Norman APPLOZWEIG 


ALKANES 


Alkanes are open-chain saturated hydrocarbons, represented by the gencral formula 
CHange, and are called also paraffin hydrocarbons. The first three members of the 
series (methane series) are methane, CH; ethane, CsHs; and propane, C;Ha (see 
Hydrocarbons). 


ALKANESULFONIC ACIDS. See Sulfonic acids. 
ALKANOLAMINES. See Amino alcohols; Eihanolamines. 


ALKENES 


Alkenes are open-chain unsaturated hydrocarbons containing at least one double 
bond ὁοοό in the molecule and are therefore very reactive. They are called 
also olefins or ethylenic hydrocarbons (see Hydrocarbons). Alkenes with only one 
double bond may be represented by the géneral formula C,H), (n = 2 or more); 
the first two members of this series (ethylene series) are ethylene (q.v.) (ethene), 
CH::CHe, and propylene (propene), CH,:CHCHys. Alkenes with two or more 
double bonds are designated alkadiencs, alkatrienes, ete., or diolefins, triolefins, ete. 
the most important of these hydrocarbons with more than one double bond is buta- 
diene (q.2.) (1,8-butadiene), CHs: CHCH : CH;. 
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ALKYD RESINS 


The alkyds comprise one of the most versatile groups of synthetic resins. They are 
adaptable to the production of every type of organic coating. Hence, they have 
been used, in recent years, in the paint field in greater volume than any other class 
of resins. Most outstanding is their ability to impart to both varnishes and enamels 
distinctive properlics of beauty and flexibility, which show marked retention on pro- 
longed exposure to weathering. Individual resins of this group, while possessing 
this primary characteristic, naturally are designed to differ widely from one another 
(see also Coatings). 

The term "alkyd" was invented by Kienle in 1927 to describe “the complexes 
resulting from the reaction of polyhydric alcohols and resinifying carboxylic organic 
acids such as polybasic acids and their anhydr'des.” The word is a combination of 
the first two letters of aleohol and of the last three of acid with changed spelling, 
namely al + kyd (cid). It was intended as a generic term to embrace all types, 
including fatty acid, resin acid, and fatty oil modifications. Because phthalic 
anhydride has been so widely used as the major resinifying acid in many of these 
resins several authors have now come to limit the term “alkyd” or “pure alkyd” to 
those products based on phthalic anhydride. This is unfortunate since such a re- 
stricted use of the term loses much of its original generic menning, and excludes 
many important resins based on adducts or condensation products of maleic anhy- 
dride that should rightfully be classed in this general group, In this artiele, there- 
fore, the meaning of the word is as originally defined by Kienle. 


CLASSES OF ALKYD RESINS 


It is convenient, however, to distinguish between the so-called “pure alkyds”’ 
and “inaleic resins" in discussing and comparing commercial products. This dis- 
tinction can be made, without giving the term alkyd a special meaning, by simply 
dividing alkyd resins into natural subgroupings based upon the primary resinifying 
anhydride. When this is done, the two major divisions of alkyd resins are rotainod 
as they now exist, und a classification is established to include the newer alkyds that 
contain neither phthalic acid nor maleic acid as a major constituent. 

The first subgroup or class of alkyd resins may be logically termed the phthalic 
alkyd resins. It comprises all alkyd resins made with phthalie aeid (g.v.) or anhy- 
dride as the major polybasic acid reactant. It includes those modifications in which 
inaleic acid or another polybasic acid constituent has been substituted in minor pro- 
portions for phithalie acid in the manufacture. 

The second class covers resins based on maleic anhydride (see Maleie acid) or 
acids derived from maleic anhydride by the Diels-Alder or other addition reactions. 
It is called the maleic alkyd resins, designated by some authors as simply “maleic 
resins” or “hard alkyds.”’ All the primary polybasic acids used in preparing these 
resins contain an unsaturated hydrocarbon group. The class ineludes resins 
manufactured from fumarie acid, ihe trans isomer of maleic acid. 

It seems best for the present to include all other alkyd resins in a third, miscel- 
laneous class. Although a number of very useful alkyd resins are now made with 
neither phthalic nor maleic anhydride, their tonnage is small compared to resins of 
the previous groups. When any of these resins becomes of major importance, it 
ean readily be given an individual classification in accordance with this scheme. 
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An exception to the above classification has been made in the case of the new 
casting and low-pressure, laminating resins. ‘These resins include the unsaturated 
‘polyester alkyds and copo'ymers of vinyl and.maleyl compounds. Certain physieal 
“and chemical properties and their method of application distinguish them from all 
the other types of alkyd products described, so that it is most convenient to treat 
them as a separate group. 


Chemistry 


The primary reaction involved in the preparation of all of these resins is esteri- 
fication. Other possible reactions have been suggested, including lactone, anhy- 
dride, and ether formations, but these are only of secondary importance, even when 
they occur as side reactions. If any of the reactants contains unsaturated groups, 
however, addition polymerization resulting therefrom may have a major effect. 
This last reaction is one of the distinguishing features of the malcie alkyd resins. 

~ ‘Thermoplastic, non-heat-eonvertible resins are obtained when both reactants 
possess two, and only two, active groups in their molecular structures. Such a 
reaction is bi-bifunctional (see Polymerization and condensation) and produces chain 
molecules of relatively large molecular weights. The ends of the chains may 
terminate in either an acid or hydroxyl group. These resins are usually produced 
by direct reaction between a saturated dihydrie aleohol, as glycol (g.v.), and a di- 
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basic acid reactant, as succinic acid (q.0,.) or phthalic ankydride. Thus, glycol and 
phthalic anhydride can react as shown (eq. 1) to form a thermoplastic linear resin. 
Resins are obtained only if the aleohol and acid contain the proper structures to 
yield chains of a certam spatial complexity; otherwise crystalline or fiber products 
are produced, as was shown by Carothers. In general the preparation of useful 
alkyd resins depends to the largest extent upon obtaining mixtures of molecules of a 
maximum complexity with respect to their spatial architecture. 

The product formed on fairly complete esterification of phthalic acid with glycol 
at room temperatures is a hard, brittle resin. When these two substances, or 
phthalic anhydride and glycol, are allowed to react at clevated temperatures, the 
acid number drops within the first minute to about half that of the unreacted mix- 
ture, and then it further decreases more slowly. Propylene glycol behaves similarly, 
uso yielding a glassy product. Dicethylene glycol forms, in contrast, a soft resin 
that is soluble in both methanol and water. 

Heat-convertible or hest-hardening types of resin result when one or more of 
ihe polyfuuctional reactants contains more than two reactive groups. Such poly- 
bifunctional or poly-polyfunctional reactions are capable of forming three-dimen- 
sional molecules. These resins are characterized by their ability to form insoluble, 
infusible gels under the influence of heat, this gelation frequently occurring long be- 
fore complete esterification has taken place. A typical example of this type of reac- 
tion is that between phthalic anhydride and glycerol (q.v.), illustrated in equation 


ALKYD RESINS 519 








N 
| ko 
Čo 
non 9 HOCH;CHCH,OCO 9 
1 ^ . 
CH NGS | S COOCH,CHCHSO... 
CHOH — 4 |... o | | 
x Je C0 M (2) 
CHOH b (Ὑγοοοπιώισιο., 
0 
΄ CO 
ος " 
|. 
d 
glycerol phthalig anhydride glyceryl phthalate 


(9) to form a thermosetting, three-dimensional resin. In this reaction gelation 
takes place sharply, so that the reaction must be stopped short of the gel point: 
such a reaction leaves little lat tude for proper: engineering control in large-scale 
operations, and removal of the contaminating water and uncombined reactants 
from such a product is most diffieult. Hence, unmodified glyceryl phthalates have 
found only limited commercial use. The unconverted or uncured resin in this case 
is a very pale, transparent, fusible, hard, und rather brittle product. — It is soluble in 
acetone and in mixtures of alcohol and benzene but insoluble in the more economical 
petroleum solvents. It has been used primarily for adhesives and, to a limited ex- 
tent, in plasties. 

Conditions approaching those for the preparation of nonconvertible resins can 
be obtained if the glycerol is first converted to a monoester with an acid containing 
only one reactive group, and then allowed to react with a dibasic acid to yield resins 
of the non-heat-reactive type. Care must be taken, however, during the second 
step of the process to avoid any excessive ester interchange, if a bi-bifunctional reae- 
tion is to be maintained. This is one way in which reactions such as the glycerol ~ 
phthalic acid reaction may at least in part be modified and controlled to give resins 
of desired properties. Use of molecular proportions of modifying agents, the mono- 
basie avid in this reaction, is not necessary if a heat-convertible resin is desired. 
The modifying agent does not necessarily have to be a saturated acid, if the other 
reactive groups in it, besides the carboxyl, are only potentially reactive under condi- 
tions used for esterification. The functionality of a reaction, in other words, de- 
pends upon the specific experimental conditions, and it is determined by the actual 
reactivity of the groups in the reactants under these conditions. Use is made of this 
difference in reaetivity in producing drying-oil-modified and maleic-acid-modified 
rosins. These resins have one or more olefinic linkages, so that polymerization takes 
place when films of the resins are exposed to the air or are baked at some temperature 
higher than that used in their preparation. 

Conversely, a heat-convertible type of resin may result froin what might appear 
to be a bi-bifunctional reaction, as for example, in the preparation of glycol maleate, 
a three-dimensional resin, illustrated in equation (8). The double bonds in the 
‘maleate sections of the molecules are sufficiently reactive under most experimental 
conditions to give rise to a certain degree of addition polymerization during the 
esterification reaction, ospecially after the reaction has proceeded to the stage where 
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there are at least two double bonds per molecule. Therefore such a reaction is only 
bi-bifunctional during the early stages of the esterification. Ouly infusible and in- 
soluble products will result if an attempt is made to carry the esterification towards 
completion beyond this critical stage. This type of reactivity of a single double 
boud is peculiar to compounds of the maleate type, and resembles, to a degree, the 
reactivity of the conjugated olefins, 

Abictic acid, obtained from rosin (q.v.), has a conjugated double boud, but the 
two bounds are in different rings of the alicyclic molecule and hence do not always 
exhibit the expected reactivity. This has led some authors to suggest that abietic 
acid may be isomerized to -pimaric acid before taking part in addition reactions 
(eq. 4). Rosin consists of Lpinurie and similar acids. Both rosin and abictic acid 
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are frequently used as modifying agents with maleie anhydride and with conjugated 
fatty acids in the manufacture of phthalic alkyds in order to obtain the desired types 
of reaction. Such monobasic acids are capable of both modifying the ester reaetion 
and of combining by addition with the unsaturated constituents. 

Addition reactions also undoubtedly take place when drying oils or drying oil- 
fatty acids are used as the modifying agents either alone or with maleic anhydride. 
Only part of the double bonds are affected by polymerization so that the resulting 
molecules are still capable of further polymerization by means of oxygen or heat 
when the resin is applied as films. 

It ean be seen from this that, although the basic reactions involved in the propa- 
ration of these resins are of the simplest, the chemistry as a whole is rather complex 
when all the ramifications are considered. It would be natural to expect, therefore, 
that. it took many decades of effort fo elucidate this chemistry, 


History. The peculiarities af rerctions between polyfanctional acids and aleohola were first 
noted by Berzelius nearly a hundred years ago, when he obtained a resin from glycerol and tartaric 
neid instead of à erystalline or liquid monomorie ester. Berthelot likewise obtained a resin in 1853 
when he allowed the dibasic camphoric acid to react with glycerol. The first systematic investigation 
was attempted in 1856 by Van Bemmelen, who prepared the glyceridey of succinic acid, of citric acid, 
and of a mixture of succinie aud bengoic acids. Additional studies were carried out by Debus in 1856, 
Lourengo in 1863, and Founaro and Danesi in 1880. Ethylone glycol esters were prepared by Desplata 
in 1859 from dextrotartarie acid, sand by Vorlánder in 1804 from maleie, fumarie, and succinic acids. 

Smith, in 1901, prepared the first phthulic anhydride resin, but it was not until 1912 that a con- 


ALKYD RESINS 621 


eerted effort was made to prepare useful alkyd resins that might have commercial value. At this 
time the General Electric Laboratory undertook to produce a substitute that might at least in part he 
used to replace shellac in electrical insulation. Several patents resulted, but only limited industrial 
use followed, This may have been due in part to the fact that the researeh had been directed toward 
applications in a single field, but more because of the lack, at this time, of suitable commercial solvents. 
These studies brought to light, however, many principles that were later used to commercial advan- 
tage in developing this field, especially the fact that useful resins could be obtained through the use of 
modifying agents. Callahan studied the preparation of the pure glycerides of several acids, and the 
effect of substituting one di- or polybasic acid for another. He found that glyeery] succinate yielded 
tough, flexible resins, but that glyceryl malates were sticky, fusible products that required prolonged 
heating to render them infusible, while the glycery! citrates were hyzroscopic. Arsem prepared a 
modified alkyd with oleic acid and with succinic acid. Friedburg employed butyrie acid a3 a modi- 
fying agent with some success, Howell studied the effect of castor oil, and Dawson made modifiea- 
tions with oleic acid and castor oil. 

The chemical literature became literally eluttered in the years that followed with patents de- 
scribing procedures with different reactants and modifying agents. For economic and technical rea- 
sons, ouly a few found extensive upplications, and these during the decade 1920-1930 were used 
largely as resins for lacquers, although the oleic acid modified glycerol phthalate had been employed 
us early as 1921 as a flexible baking couting for brass lightuing-arrestor electrodes, Most of the 
resins at that time were manufactured in equipment none too suitable for the production of uniform 
products: they were dark-colored and unstable, their films showed poor water resistance, and many 
defects wore also encountered when they were incorporated in compositions containing the commonly 
used pigments. 

Several discoveries during World War I, however, served to assure alkyd resins a permanent and 
important place in the protective-coating field. The cheap production of phthalic anhydride by the 
Gibbs process of oxidizing naphthalene, the development of low-viscosity cellulose nitrate solutions, 
and the manufacture of many new industrial solvents all contributed to the initial success af these 
resins. The full potentialities of alkyd resins were not realized, however, until 1927 when interest 
developed in them as baking and air-drying finishes. IXienle at this time filed a patent, which was 
granted, covering the preparation of drying oil-fatty acid modifications. Only the broad claims of 
this patent were later declared invalid. These resins of Kienle's were truly varnishes in themselves; 
they dried to hard coatings in much shorter periods of time than comparable oleoresinous varnishes, 
and the films were superior to those of the natural resin vehicles used theretofore. A demand [ον 
such vapid-drying varnishes with superior properties had already been created by the introduction of 
natural-resin-modified phenolic resins in 1924, and of the oil-soluble 100% phenolics in 1929. The 
filing of Kienle’s patent in 1927 may be taken, therefore, as the point at which alkyds began to assume 
a truly major role for resins in the paint and varnish field. The sudden increase in production of 
alkyd resins that followed has steadily continued, and the peak in production has probably not yet 
been reached. During 1944, wader most stringent wartime restrictions, alkyds probably accounted 
for more than three-fourths of all of the resins used in the manufacture of proteetive coatings. This 
was despite a large demand, for other purposes, for the raw materials used in the manufacture of 
alkyds. ' 


Phthalic Alkyds 


Phthalic alkyd resins are generally classified by their manufacturers as to type 
or application. The type classifications most gencrally used are based primarily 
upon general composition, as follows: (1) drying or oxidizing typos, (2) semidrying 
types, (8) nondrying typos, (4) natural-resin-inodified or ester-gum-modified types, 
(5) maleic-modified types, (6) phenolic-modified or phenolated types, and (7) urea- 
resin-modified or amino-resin-modified types. 

All the resins of this particular class may be considered to be modifications of 
glycerol phthalate. Although substantial quantities of ethylene, diethylene, and 
triethylene glycols, sorbitol, mannitol, and pentaerythritol are used as modifying 
agents, the total amount employed in the manufacture of these resins is very small 
compared to the quantities of glycerol used as the polyhydric alcohol’ ‘No separate 
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classification is given to their use. This does not mean that useful variations are 
not to be obtained by substituting them in part for the glycerol. Use of the glycols 
increases flexibility of the products, and the more highly hydroxylated compounds 
impart a desired complexity to the resins. Sorbitol, mannitol, and pentaerythritol 
all react more readily than glycerol in combining with the acidic constituents. 

Malei¢ anhydride is the most important of the polybasic acid modifying agents. 
It hag steadily increased in use for this purpose during recent years, being employed 
alone or with rosin or ester gums. Harder resins of improved through-drying prop- 
erties are obtained in this manner; this makes maleic anhydride a very desirable 
modifying agent. These alkyds have been employed to replace in part the older 
tung oil varnishes during the continued shortage of tung (China wood) oil since the 
carly 1980’s. T'umarie acid, the trans isomoer of maleie acid, is also finding in- 
creased use of late in alkyd resins. Fumaric acid is considered by some to give even 
harder resins than does maleie acid. Succinie, adipie, and sebacie acids are also 
used in small amount to give increased flexibility for certain specific applications, and 
are used even more extensively in plasticizing alkyd-type resins. Other polybasie 
acids used to a very limited extent are citric, malic, tartaric, diphenic, and 1,8- 
naphthalic acids. Borie acid has been used in alkyd glues. 

Fatty acids and their various glyceryl esters are by far the leading modifying 
agents. All of the well-known drying oils and their fatty acids are used for this 
purpose. As might be expected, many of their individual properties are imparted 
to the alkyd resins. However, this does uot always follow in all cases; some of the 
semidrying oils, for example, soybean oil, give alkyds that air-dry much more 
readily and satisfactorily than would be expected from the properties of the oil 
alone. Tung oil, in contrast, loses much of the advantage of the rapid-drying 
characteristics of its conjugated structure when incorporated in such resins. De- 
hydrated castor oil behaves similarly to some cxtent. Linseed, soybean, perilla, 
sunflower, fish, oitieiea, tung, tall, and dehydrated castor oils are some of those used. 
Cottonseed, castor, and coconut oils are most commonly employed for the nondrying 
types. Distilled fatty acids from these oils, and fatty acids from fractions of them, 
besides their mono- and diglycerides, are now available as commercial modifying 
agents. Much remains to be donc, however, in this field of raw materials. 

Natural and synthetic resins are also used extensively as modifying agents. 
Rosin and copals are the natural products usually employed. Various types of 
phenolic resins are included to impart greater durability, water resistance, and cer- 
tain baking properties to those types used for industrial finishes, while urea and 
melamine resins are used to obtain rapid-baking, light-colored products for such 
applications as refrigerator enamels. 

Much also depends on the proportions of the various constituents in the formu- 
lation of the resins, and on the method and control used in their manufacture. This 
was clearly demonstrated during World War II. Certain individual alkyds could 
he readily substituted for one another for specific uses, but in other applications they 
were not interchangeable. Allocation of resins had to be based, therefore, on end- 
usage. 
Radically different properties in phthalic alkyds may be obtained by varying 
the glyceryl phthalate- oil ratio alone. This factor determines such important 
properties as rate of drying, solubility, compatibility, and durability. As with older 
types of varnishes, alkyds are spoken of as “long-, medium-, or short-oil”? products. 
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Long-oil alkyds contain from 22 to 29 gallons of oi) per 100 pounds of glyceryl 
phthalate (or 64-70% oil to 28-28% phthalic anhydride). Medium-oil alkyds con- 
tain 14 to 20) gallons (53-61% oil to 36-30% anhydride). Short-oil alkyds have 9 
to 12.5 gallons of oil (42-50% oil to 45-39% anhydride). Oleoresinous varnishes in 
comparison contain 35-60 gallons of oil to 100 pounds of resin for long-oil, 20-30 
gallons for medium-oi, and 6-15 gallons for short-oil varnishes. Most manufae- 
turers sell each type of phthalic alkyd resins in several oil lengths. 

Oxidizing Types. Films of the long-oil alkyds of the oxidizing type dry more 
slowly to ‘set-to-touch” but develop through harduess more rapidly than the other 
oil lengths. They are more compatible with oils and varnishes and give better 
brushing properties. When air-dried within certain limits, they also give films of 
greater durability than corresponding shorier-oil alkyds. There is a practical 
limit to the amount of oil that cau be used in forming part of the resin. Above 75% 
products lose their desirable alkyd characteristics and resemble modified oils rather 
than resins or varnishes. Shorter-oil alkyds, on the other band, are more durable 
when baked than their long-oil counterparts, and possess in general better hardness, 
inarproofness, gloss, and color reteution. Below 25% oil they lose their solubility in 
solvents and thinners and rapidly approach the undesirable properties of pure 
glyceryl phthalate resins. Alkyds containing 50% oil are quite soluble in the 
regularly used petroleum solvents. 

The medium- and long-oil alkyds, in consequence, are most widely used in 
brushing formulations of the air-drying types, while the short-oil resins supply 
industry with the greater majority of the baking types. Special types of long-oil 
alkyds are manufactured for various architectural coatings such as general outside 
house paints, mill whites, trim and trellis paints, light tints, porch aud furniture 
enamels for wood, interior brushing enamels of all types, store-front enamels, and 
shelf goods. They are also used as fortifying agents for ordinary types of paint. 
Others are made for various marine coatings including both primers and finishes. 
Structural coatings such as those for bridges also inelude primer and finishing 
products, as well as aluminum paints and special vehicles for metal pigments. 
Farm machinery, gasoline pumps, and motors are very frequently eoated with these 
products both as air-drying and baking finishes; other metal objects similarly coated 
include metal signs, metal furniture, and freight and railroad cars. Fabrics treated 
include tents and awnings. These are only afew of the many examples that might 
be cited. Special uses include addition as ingredients in chlorinated-rubber paints 
and as blending agents for other vehicles. Most of these types of alkyds are sold.as 
solutions in mineral spirits containing 60-70% solids. A few are produced for sale 
without solvent for varnish manufacture. Extra long-oil alkyds of 76-77% oil with 
20-18% anliydride are also produced. These are used for typographical inks, over- 
print varnishes, and house-paint reinforcement. 

The medium-oil oxidizing alkyds find wide use as refinishing materials for 
trucks and trailers, as finishes and brushing primers for buses, bicycles, ete., as 
primers on aircraft and other nonferrous metal applications, as coatings for farm 
machinery and implements, engines, railroad, freight and tank cars, street cars, and 
buses. These coatings must withstand all types of deteriorating influences, such as 
heat and cold, heavy abrasion from sand and dirt, and exposure to all kinds of 
weather. They are used also as finishes for gasoline pumps and drums, metal 
cabinets, and food containers; as enamels for. metal decoration; and as other metal 
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coatings when a fast-drying, low-baked coating is required that wil withstand 
chemical action and when the metal is to be drawn and formed after coating the flat 
metal sheets. Coatings for nonmetals include certain architectural paints, blending 
agents for varnish, wood lacquers, paper coatings, wood finishes, spirit (alcohol) 
varnishes, marine and deck paints, and roud-marking paints. These resins are 
most frequently sold as 50%, 60%, or 70% solutions iu mineral spirits or in xylene, 
or in mixtures of the two. Special types for use in spirit varnish or lacquer are dis- 
solved in other solvents. 

The shor(~oil varnishes of this type embrace all kinds of government and indus- 
try specification paints. Both baking and air-drying types are produced, depending 
in part on the oil used in their manufacture. They are employed as coatings for 
hospital equipment, Venetian bluds, refrigerators, electrical equipment, hardware, 
metal cabinets, refinishing of autos and trucks; as metal primers of all types; and as 
wood finishes of the rubbing or sunding type. These products are most frequently 
sold as 50% xylene or high-solveut naphtha solutions, or as blends of these with 
petroleum spirits, 

Semidrying and Nondrying Types. The semidrying types are used for low- 
temperature baking whites aud in lacquers to impart adhesion and flexibility. The 
nondrying types are produced almost exclusively for use in various types of lacquers 
and as plasticizers for urea- and mclamine-formaldelyde resins. Resins for all 
types of lacquers are included in this group, such as finishes for autos, metals, wood, 
leather, and textiles. . Mauy serve both as plasticizers and resins to impart unusual 
flexibility, extreme toughness, and marked adhesion. Special types are mace to be 
compatibile with celulose acetate, acetate butyrate, and acetate propionate. Cable 
lacquers are also prepared from alkyds of this type by incorporating ethyl cellulose. 
Certain types are also used as plasticizers for polyviuyls. , 

Whereas the average phthalic anhydride percentage of nondrying-oil-modified 
alkyds ranges froin 30 to 45%, products with anhydride content as low as 9 to 10% 
can be purchased. The solvents most used for preparing solutions of these resins 
are xylene and toluene. εν 

Natural-Resin-Modified Types. Similar types of resins are made with rosin, 
copals, or ester gum as additional modifying agents. These are used when more 
rapid drying and setting of films are required than can be obtained with the above 
resins. Their value lies in their paleness in color and high gloss. Resins of this sub- 
class are manufactured with various melting points and degrees of hardness. Their 
solutions generally have relatively low viscosities, and their films release solvents 
quickly; hence they find particular use in wood luequers and. vatnishes where the 
films are sanded and rubbed in finishing. The short-vil oxidizing resins of this type 
are employed in primers and finishes of the spraying and dipping type. These are 
used as chassis enamels and as enamels for electrical equipment, food containers, 
metal furniture, radios, wheels of various types, toys, implements, and hardware. 
Medium-oil resins are used in general-utility, high-gloss enamels for machinery, gaso- 
line pumps, trucks, implements, and water-resistant. architectural finishes. Special 
types are produced to yield wrinkle finishes, a field previously confined only to tung 
oil varnishes. Solutions of these resins are blended with other vehicles to improve 
their gloss and hardness.’ Both linseed and castor oils are widely used in their’ 
manufacture. Several resins contain the acids of both of these oils as part of their 


structure. Xylene and mineral spirits are used as solvents to produce 50% solu- 
tions. 
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Maleie-Anhydride-Modified Types. These resins, containing varying propor- 
tions of phthalic and maleic anhydrides, are produced to give even harder, higher- 
melting, and more rapidly drying phthalie alkyds than those that can be obtained 
with hard resins such as Congo copal. Usually approximately 10% maleic anhy- 
dride is used, and some rosin or ester gum is frequently incorporated. The enamels 
made with these resins are generally applied by spraying in coating tin plate, hard- 
ware, metal cabinets, and toys. They are also used in preparing lacquers, sanding- 
type sealers, and overprint varnishes, and in fortifying soft oil varnishes, cold blend- 
ing, and the like. 

Phenolic-Modified Resins, ‘These resins are used when there is need for rapid- 
air-drying, through-dry coatings that have exceptional resistance to moisture, gaso- 
line, and weather. Various proportions of condensates of formaldehyde and 
phenolic compounds are employed in their manufacture, ranging all the way to the 
alkyd-modified phenolic resins. These resing retain all the adhesion, gloss, and 
brushing properties of the alkyds. They are widely used: for repair work on ve- 
hicles, and for brushing enamels, shelf goods, and metal primers. Both gloss tints 
and colored goods can be made with them, | 

Amino-Resin-Modified Types. This group really embraces many, if not most, 
of the urea-formaldehyde and melamine-formaldehyde resius used in the coating field 
(see Amine resins). As pointed out above, a considerable number of alkyds are 
used as blending agents with these resins. These combinations are outstanding in 
their property of not darkening at the high temperatures used in baking. They 
consequently are widely used as refrigerator white enamels and the like. 


General. Phthalic alkyds are sold by different companies under several 
registered trade names such as Aroplaz, Beekosol, Duraplex, E«terol, Falkyd, Glyp- 
tal, Mirasol, and Rezyl. 

Many novel uses have also been suggested for phthalie alkyds. These inelude 
their incorporation in fingernail lacquers, in enterie coatings for pills and capsules, 
and in coatings for watch glasses; their use in the manufacture of clectrical insulation, 
linoleum, gaskets, and needles for phonographs; and their use as grinding vehicles for 
paint and lacquer pigments, as preservatives lor tennis-racket gut, as insecticides, 
aud as demulsifying agents for petroleum emulsions. This only illustrates further 
their great versatility; their many and varied war applications are too numerons to 
list. 


Maleic Alkyds 


The maleic alkyds rival the phthalic alkyds in tonnage produced for commerce. 
Nearly three-fourths of the maleic anhydride manufactured during 1944 was con- 
sumed in producing these particular alkyds. Only an additional 10-15% of the 
maleic anhydride was used in the manufacture of phthalic alkyds and phenolic 
resins. 

As in the phthalic group, there are several different types of malei¢ alkyds. 
These can again be subdivided most conveniently in accordance with their general 
composition as follows: (1) saturated polyhydric alcohol ester resins, (2) oil- 
modified straight maleic resins, (3) addition products with oils and glycerol, (4) 
polyhydric alcohol esters of rosin adducts and those of abietic acid, (6) polyhydric 
alcohol esters of terpene adducts, and (6) polyhydric alcohol esters of adducts of 
conjugated diolefins (ester resins). | 
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Saturated-Alcohol Types. Resins made from maleic anhydride and saturated 
polyhydrie aleohols are extensively used as plasticizers for plastics, glues, gelatins, 
water-soluble urea-formaldehyde resins, and plastice copolymers. Even those 
prepared exclusively with dihydrie alcohols are thermosetting, as pointed out above. 
Addition of a small amount of butadiene or vinyl chloride leads to rubber-like 
products. 

Oil-Modified Types. Oil-modified glyceryl maleates made without rosin have 
not yet been extensively exploited commercially. This has probably been due to 
the relatively high cost of maleic anhydride as compared to that of phthalic anhy- 
dride, and to the difficulties encountered from gelling during the preparation. Re- 
cent reductious in the cost of fumaric acid and the development of special techniques 
tor producing this type of resin may well alter this situation, since such maleic alkyds 
offer many possibilities for resin uses. 

Maleinized-Oil Glycerides. Condensation of maleic anhydride with various 
types of drying and semidrying oils produces what is known as the maleinized oils. 
Noneonjugated oils treated in this manner have the same cooking speed with resins 
as oils of the conjugated type and give varnishes of faster drying and greater hard- 
ness than the customary oleoresinous varnishes. Conjugated oils, us tung and de- 
hydrated castor oils, on the other hand, when modified with maleic anhydride, lose 
their rapid-gelling characteristics. This is highly desirable for some uses. When 
these maleinized oils are allowed to react with glycerol and other polyhydrie alco- 
hols, they form resins or rubber-like products. These maleic alkyds are finding in- 
creasing use as resin plasticizers in lacquer, as binders and dispersing agents in exterior 
water paints, ink, and linoleum, as rubber stabilizers, as fabric impregnators, and 
as Ingredients in wax and other polishes, cutting fluids, and cosmetics. In chemical 
composition, they are similar to the oil-modified maleates and might have been in- 
cluded in the second group of maleic alkyd resins, except for the method of preparu- 
tion and the difference in’ properties. 

Rosin Adducts. This is by far the most important group of the maleic alkyds. 
Rosin adducts contain rosin or abietic acid, maleic auhydride, and glycerol. The 
unmodified resins are known as modified ester gums. Alkyds of this subclass may 
be made in one of three ways to produce essentially the same type of esters, all of the 
Diels-Alder type of adducts: (1) by allowing the rosin to react: with the polyhydric 
alcohol and then to treat the product with maleic anhydride; (2) by allowing the 
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rosin and anhydride to react to form the adduct (illustrated in equation 5for pimarie 
acid), and then to produce the polyhydric ester of this adduct; and (3) by permitting 
all three substances to react simultaneously. Some differences are noted according 
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as wood or gum rosin is used, When oxidizing-oil acids or their glycerides are intro- 
duced, the resulting modified resins are air-drying. 

The most outstanding property of films of these resins is their very rapid release 
of solvents, their light color, and their comparative freedom from yellowing. Hence 
they find very extensive use in nitrocellulose lacquers, with which they are com- 
patible in all proportions. They are particularly suitable for production schedules 
requiring sanding because the lacquers can be sanded in ten minutes and roughed 
and polished in one hour. They are also used for furniture lacquers in which soft, 
long-oil, nondrying phthalic alkyds are added as plasticizers to prevent, cold check- 
ing. After sanding, successive coats can be applied at twenty-minute intervals, 
White tin-decorating and collapsible-tuhe enamels form another field of their appli- 
cation, They are sold under such trade names as Amberol 801, Beckacite 1120, 
Lewisol 2, and Teglac 2-152. 

Terpene Adducis. Maleie anhydride is also condensed with various types of 
terpenes (g.v.) to give adduets that form thermosetting esters with eertain poly- 
hydric alcohols in producing the well-known Petrex resins. Nearly all CaM 
terpenes react with maleic anhydride. Such terpenes include all the straight-chain 
terpene hydrocarbons containing conjugated double bonds, a few bicyclic terpenes 
with a three- or four-membered ring, and most of the monocyclic terpenes, whether 
or not they contain conjugated double bonds. The monocyclic terpenes, however, 
are the most important commercially. The nonconjugated types, such as di- 
pentene, y-terpinene, and terpinolene, may react with maleic anhydride in more 
than one way. In the presence of even small amounts of maleic acid or other acids, 
they rapidly isomerize to the conjugated a-terpinene, which undergoes the usual 
Diels-Alder condensation with maleic anhydride to yield a crystalline solid of molec- 
ular weight 234. In the absence of any acid, isomerization is avoided and addition 
takes place slowly with the formation of linear copolymers typical of nonconjugated 
olefins, as shown in equation (6). 
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Fifty per cent of the product thus obtained (with terpinolene, for example) is a pale 
yellow oily monomer that can, be separated from the polymer by distillation at 
230°C. and 15 mm. pressure. Neither monomer nor polymer shows any of the charac- 
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ieristies of Diels-Alder adduets. — Condensation mixtures of this type are marketed 
as Petrex acid. When esterified, they give Petrex resins. (Unlike malcie anhy- 
dride, fumarie acid docs not reach with terpenes, but reactivity ean be induced by 
adding alcohol and stannic chloride to the reactants.) The ethylene glycol poly- 
esters of Potrex acid are invariably hard, brittle resins. They are used chiefly in 
high-grade furniture lacquers when luster, pale color, resistance to temperature 
changes, and toughness are most required. The diethylene and triethylene glycol 
esters, by contrast, are much softer, being elastomers. They are used in the solid 
state for calendered coatings for fabrics like those obtained with rubber latex. ‘The 
glycerol polyesters are hard resins that gel more readily than the ethylene glycol 
esters. They have the special property of being infinitely soluble in alcohol. For 
this reason, they have been widely used as shellac substitutes in the formulation of 
protective coatings and aniline inks. Various types of Petrex resins find use also as 
aqueous dispersions for impregnating paper used in the manufacture of artificial 
leather, as impregnants and binders for felt, as ingredients in sizing, und as coatings 
fur paper, metal foil, ecllulose films, aud natural and synthetic fibers. These resins 
&re also combined with starch or proteins to give grease-resistant compositions. They 
are used as warp sizes for textile yarns to increase wear resistance of the fibers, and as 
rubber-compounding ingredients. 

Ester Resins. Alkyds produced from the Diels-Alder addition products of 
conjugated dienes, as cyclopcntadiene and maleic acid (eq. 7), are another very 
interesting group of maleic resins, These are known commercially as the Carbic 
ester or Bakelite C-9 resins. Like all the maleie alkyds they have unsaturated 
bonds, which permit curing through addition polymerization. The resins can thus 
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be applied as molten liquids aud baked to yield hard films. In many of their proper- 
ties these films are superior to those obtained with the phthalic alkyds. They 
contain proportionately less oil, Another outstanding property is their ability to 
reduce the time of cooking in the manufacture of varnishes. Films of the ordinary 
types of varnishes made with these resins have remarkable flexibility that is re- 
tained for long periods of time cven after baking. 

There are various commercial modified types of these resins. In the manufac- 
ture of different varnishes one type may be bodied alone or with a small amount of 
oil, Others are designed to be used in combination with various other resins, in- 
cluding the phenolics, to obtain coatings that are resistant to chemicals, Other 
ester-resin varnishes may be cold-blended with short-oil vehicles for flexible, fast- 
drying, high-gloss enamels. 

These different resin varnishes are used as ingredients of printing ink, as 
various industrial binders, and as saturants of various types. They are also em- 
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ployed as overprint varnishes for paper and metal, as varnishes for bottle-cap liners, 
as raincoat coatings, as coatings for protection against poison gases, aud as electrical 
insulation. They ean also be substituted for tung oil. The more flexible types, 
those modified with liuseed and soybean oils, yield stable, solvent-free, air-drying, 
aqueous emulsion paints. These emulsions are rapidly finding increased exterior 
uses. They show excellent adhesion to a variety of surfaces, including brick, plaster, 
wood, metal, and paper. 


Other Alkyds 


There are also a limited number of alkyds that contain neither phthalic auly- 
dride nor maleic anhydride among their polybasic acid coustituents. These alkyds 
include: polyesters of such dibasic acids as the dimer of nbietie acid. (Movoz and 
Poly-Pale resins); polyesters of natural resins such as the copals; resins prepared 
from methylenedisalicylic acid (MDA) (see Salteylic acid); azclaic resins; the elasto- 
mers from sebacic or succinic acid (Paracon and Paraplex X-100); and the fiber- 
forming polyesters of aromatic acids such as terephthalic acid (Terylene). 

Poly-Pale rogins and copals, especially Congo gum, are used in the manufacture 
of the so-called nonphthalic alkyds. The eopals are dibasic unless rendered mono- 
basic by decarboxylation upon “running.” 

Methylenedisalicylic acid is a relatively new intermediate in the alkyd field. 
Its manufacturers recommend that it be combined with pentaerythritol to produce 
the most desirable alkyds. Pentaerythritol is fmding mcereased use as a substitute 
for conjugated or highly unsaturated oils in alkyd manufacture. Being tetrafunc- 
tional, if imparts a high degree of reactivity and a desirable complexity to the re- 
sulting resin molecules. MDA resins can be modified with the usual resin and oil 
acids. 

Azelaic resius made with glycerol or other polyhydric alcohols are soft and very 
ductile compared to phthalic alkyds or those of short-chain aliphatie polybasic 
acids. Certain specialized applications require just these properties. Other long- 
chain acids, as adipic and sebacic acids (see Acids, dicarborylic), are also used in 
preparing similar products, such as the plasticizing resins for coating and other uses. 
The property of toughness together with flexibility imparted by these acids is very 
lasting. 

Distinct rubber-like products are also produced, Paracons are nade from pure 
sebacic or suceinie acid with ethylene or propylene glycol. Paraplex X-100 is pre- 
pared from sebacic acid, ricinolcic acid, and glycol. These products have outstand- 
ing characteristics of heat and oil resistance, as well as low-temperature flexibility. 
They can be used in special tubing, gaskets, extruded articles of -various types, cable 
coatings, and fabric coatings, and also as adhesives and binders., 

Of a new type of polyesters of aromatic acids interest has centered in poly- 

meric ethylene terephthalate (Lerylene), characterized by the repeating unit 
|- σ _ -οσοσπισήισοο--) . It can be prepared from terephthalic acid (or 
its dimethyl ester) and ethylene glycol. The viscous reaction melt forms a hard erys- 
talline solid, melting above 250°C., or, on quenching with water, an unstable trans- 
parent glass, Extrusion of the melt aud cald drawing give highly oriented fibers that 
show promise for textile use (2a,43a,48). 
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Casting and Low-Pressure Laminating Resins 


‘Two new groups of resins were developed during World War II that have 
already assumed marked commercial importance. These resins are used as casting 
resins and for lew-pressure laminating purposes. They are nonelectrostatic and 
polymerize without forming volatile materials. One group of resins is composed of 
polyesters of either an unsaturated polyhydric alcohol or an unsaturated polybasic 
acid or both. Mixed unsaturated esters such as allyl aleohol-glycol maleates are 
algo included in this group. The other group of resins consists of copolymers of 
esters of maleic avid with various vinyl compounds. See “Low-pressure lamination” 
under Lamination. 

Unsaturated Esters. These unsaturated alkyds, as manufactured, are low in 
molecular weight but vary In viscosity; most of them are sold as liquids that are 
readily converted to solids by polymerization, especially in the presence of peroxide 
catalyst. The coatings are applied by knife or doctor blade to the material to be 
laminated. The cure varies with the particular commercial resin employed. They 
are sold entirely under trade names, so that it: is impossible to tell which individual 
resin belongs to s particular- class of alkyds. Included in this group are such com- 
mercial resins as Bakelite XRS and C5 resins, Kriston, Laminac, MR resins, Plaskon 
900-series resins, Paraplex P10, Selectron, and Thalid. All of these resins are light 
in color and many can be cured to give transparent sheets. Generally they are 
preferably cured in the absence of air, 

One of the most extensive uses for these resins during World War IT was in the 
manufacture of glass cloth laminates for large structural pieces of aircraft, component 
parts of boats, and bodies of trucks, and other low-pressure laminated structures of 
allforms. Peacetime uses include those for luggage, housings for mechanical parts, 
terminal boxes, panels, scuff plates, table tops, lenses, chemical trays, dish-drying 
racks, laboratory furniture, radar closures, medical kits, refrigerator parts, electric- 
coil impregnation, adhesives, and various types of coatings. 

Vinyl Copolymer Resins. Combinations of maleie anhydride, glycols, and 
various vinyl compounds (g.v.) have also been used for laminating purposes. The 
vinyl compounds include styrene, vinyl chloride, vinyl acetate, acrylates, coumarone, 
and polymerized ethylene. The first two have probably been most extensively 
employed. The monomeric products are applied as liquids or paste. True co- 
polymerization of the unsaturated constituents probably takes place during their 
cure. Many of the monomers are primary skin irritants, and proper precautions 
must be taken during their use. For example, the mixed monomer from styrene and 
the polyester of maleic anhydride and diethylene glycol, used with glass cloth for 
radar castings in wartime, is both a pungent and suffocating irritant, causing irrita- 
tion of the eyes and nose and, if allowed to remain on the skin, producing stinging 
and erythema; the completely cured resin is innocuous. This property of causing 
irritation is not peculiar to these uncured resins, since many other uncured synthetic 
resins, as, phenolics, cashew-nutshell oil-formaldehyde resins, melamine glues, and 
sulfonamide resins, cause similar skin effects once the worker becomes sensitized. 


Manufacture 


Although large quantities of alkyd resins are still made in open varnish kettles 
over a gas or oil flame in paint factories, the large manufacturers of these resins now 
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almost universally prepare them in specially heated closed vessels of stainless steel or 
aluminum. These fixed vessels or kettles hold several tons of material and are 
equipped with automatic temperature-control devices, openings for charging, 
sampling, and discharging, and, where necessary, efficient stirrers, a reflux con- 
denser, jackets for cooling or heating, and intakes and outlets for inert gus and 
application of vacuum. They are heated by steam, electricity, or other suitable 
means. Accurate weighing devices are frequently and conveniently placed on the 
floor above the kettles, while discharge outlets from the kettle are placed to drop or 
pump the product into mixing tanks in which it can be dissolved in a suitable solvent. 
The mixers are designed to prevent solvent loss and to provide easy access to clarify- 
ing equipment. When the product is to be sold as a solid, it may be pumped while 
hot and molten through clarifying equipment such as a Shriver press filled with 
suitable filter-aids, and discharged into pans to cool or directly iuto shipping con- 
tainers. 

The order in which the ingredients are added to the kettle varies with different 
raw materials and the particular resin being manufactured. Some formulas call for 
the addition of all ingredients at the start, while others require addition at scheduled 
intervals in predetermined amounts. 


Accidents. Considerable study has heen given to burns from hot resing and the safe handling 
of these products. Without reservation, the first precaution in giving first aid is not to remove the 
resin. Hot resin is sterile and helps prevent infection und shock, the two principal dangers of all 
burns. The steps recommended are: (1) cool rapidly with water, (2) treat for shock, (8) call a 
doctor, (4) apply burn ointment or medicated jelly over resin and the surrounding area, and (6) apply 
a loose bandage. The hospital should he advised about the type of resin involved in the accident and 
if possible supplied with bottles of suitable solvents for its later removal. Proper protection and 
vigilance should prevent most accidents. 
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Chemical Considerations, 533; Physicochemical Considerations, 534; Alkylating 
Agents, 536; Types of Alkylation: 1. Alkyl Bound to Oxygen, 538; 2. Alkyl 
': Bound to Trivalent Nitrogen, 540; 3. Alkyl Bound to Nitrogen in Quaternary Com- 
pounds, 542; 4. Alkyl Bound to Carbon, 543; 5, Alkyl Bound to Mctals, 546; 6. 
Alkyl Bound to Other Elements, 647; Design and Equipment, 547. 
Alkylation is the unit process in which an alkyl or aralkyl group is introduced into 
a chemical compound. A considerable number of groups are so introduced, but those 
of most commercial importance are: methyl, ethyl, propyl, butyl, amyl, hexyl, laury! 
(n-cdodecyl), oley! (CH:(CH:)}CH : CH(CHa)CH; ~), stearyl (n-oetadecyl), benzyl, and 
allyl. The produets of alkylation are extremely varied and numerous, their applica- 
tions extending over a great number of industries; n recent years alkylation has 
attained exceptional importance, as it produces isooctanes, eumene and other constitu- 
ents of high-octane gasoline, tetraethyl lead, and ethylbenzene, which leads to styrene 
for synthetic rubber and plastics. Products of alkylation are also used as anesthetics, 
antipyretics, antiseptics, hypnotics, soporifics, intermediates, dyes, explosives, flavors, 
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perfumes, photographic chemicals, rubber accelerators, plastics, solvents, ete. 

Alkylation processes, and alkylated products, may be classified according to the 
nature of the atom to which the alkyl group becomes attached. | A number of examples 
of the different typév of alkylated products arc: . 

(1) Alkyl bound £o oxygen in ethers. Ethyl ether, ethylene glycol ethers, Carbitol 
and Cellosolve and their homologs, cellulose ethers, anisole, phenetole, guaiacol, 
o-anisidine, eodeine, ehrysophenine, acetophenetidine. (Esterification (g.9.) is not 
ordinarily considered with alkylation reactions.) 

(2) Alkyl bound to trivalent nitrogen. Amylamine, methylamine, dimethylamine, 
trimethylamine, isopropylamine, epinephrine (Adrenalin), procaine, antipyrine, ben- 
zylethylaniline, dimethylaniline, Metol, and caffeine. 

(8) Alkyl bound to nitrogen in quaternary ummoutum derivatives.  Acyiflavine, 
tetramethylphenylammonium chloride, cetyltrimethylammonium bromide, benzyltri- 
metliylammonium chloride. Το 

(4) Alkyl bound to carbon. p-tert-Ainylphenol, p-cthylphenol, cetyl phenolsulfo- 
nates, isooctanes, triptane, hexylresorcinol, amylnaphthalene, barbital, dialkylbarbi- 
turates, cthylbenzene, alkylnaphthalenes, isopropylbenzene, pyridine derivatives. 

(5) Alkyl bound to metal, Tetraethyl lead, ethylmercurie chloride, ethyldichioro- 
arsine, alkylmagnesium halides, zine dialkyls, and Merthiolate. 

(0) Miscellancous. In ethyl, amyl, and lauryl mereaptans the ally! group is 
bound to sulfur; in the alkyl silanes 15 is bound to silicon. 

Products of alkylation are characterized not only by the variety of the bonding, 
but also by the number of different chemical compounds in each classification. In the 
past, the most important industrially have beeu those in which the alkyl is bound to 
oxygen or nitrogen. However, a few compounds alkylated ou the carbon atom have 
reached such great importance in the synthetic-rubber and the petroleum industries 
that the emphasis has heen transferred to the alkyl-to-carbon class. This statement 
is based not only upon the essential nature of the demand for ethylbenzene (for styrene) 
and petroleum “alkylate,” but also upon the volume of research work and engineering 
data that has appeared in the current literature, and upon the very large tonnages 
produced. 


Chemical Considerations 


Positions of Entering Alkyl Groups and Mechanisms of Reactions. In alkylating 
aliphatic hydrocarbons, us in the manufacture of petroleum alkylate, the tertiary 
hydrogen in an isoparaffin is considerably more reactive than a primary or secondary 
hydrogen (17). When a ring-compound such as benzene is subjected to catalytic 
polyalkylation, the second alkyl group enters meta and para to the first, with the 
meta isomer predominating, and ποῖ ortho and para as would be expected. 

Alkylation reactions are frequently more complicated than is indicated by the 
usual equations. The mechanisms are not fully understood, but the formation of car- 
bonium ions (RsC*) and isomerization are two assumptions that have been made. 
An apparent migration of alkyl groups takes place when aniline is a'kylated at moder- 
ately high temperatures. The N-alkylated derivatives first formed go over into nu- 
elear-alkylated derivatives (17a). For example, when aniline is methylated with 
methanol and sulfuric acid, the following are some of the products formed: 
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CH;NII 
CHSNODS 
N 250-300°C. 350°C. 
———À — > 
N | 
^ CT; CTI; 
dimethylaniline /-methyl-p-toluidine 2,4-xylidine 


Consequently, in the preparation of dimethyl- or diethylaniline, the temperature must 
not reach 250°C. Again, the migration of a methyl group is one explanation of the 
reaction in which an olefin alkylates an isoparaffin (6); it is assumed that a methyl 
group of the isoparaffin splits off and adds to one end of the double bond of the olefin 
while the rest of the isoparaffin adds to the other end. 

In dealkylation-realkylation (re-forming), as Ipatieff and others have pointed out, 
certain catalysts, especially aluminum and ferric chlorides, facilitate the removal of an 
alkyl group from a polyalkylated product and its reaction with unreacted molecules to 
give a lower alkylated produet (30,84,53,54,55). This happens particularly with ring 
systems; an industrial example is the reforming of the polyalkylated derivatives 
separated as the bigh-hoiling fractions in the isopropylation of benzene to cumene. 
Sulfuric acid, as well as aluminum chloride, is effective in catalyzing this reaction. 


CH(CHa), 
AlCl; η 
T 0) 
| JIC Ha): 
CH(CH; 
p-diisopropylbenzene benzene cumene 


Catalysts employed in alkylations often react with one of the reactants. For ex- 
ample, ethylene and other olefins form alkyl hydrogen sulfate with sulfurie acid, and 
olefins react with hydrogen chloride fram aluminum chloride to form an. alkyl halide. 
In turn, the alkyl hydrogen sulfate or the alkyl halide docs the actual alkylating. 

The complexity of reactions naturally causes more difficulties on the factory scale 
than on the laboratory scale, because of side reactions leading to undesirable by-prod- 
ucts. This has been exemplified in the methylation of aniline to dimethylaniline, and 
even more so in the alkylation of isoparaffins with olefins, 

Effect of Alkylation. The effect of alkylation on properties cannot be predicted in 
all cases, although in some fields there are guiding principles. In the petroleum field, 
branched-chain alkylation very much improves the octane number of the product. In 
dyes, and particularly on a tertiary nitrogen atom, alkylation shifts the color toward 
the violet end of the spectrum, the effect being more apparent with an increase in 
the weight or the number of the alkyl groups. Hartung reviews the various studics on. 
the physiological effects of aliphatic amines and points out that as the size of the alkyl 
group increases, there results a decrease in the stimulating action; finally there 
appears a depressing action on the heart (21). 


Physicochemical Considerations 


Since the technical application of reactions requires consideration not only of the 
chemical products but also of the cost of making them, consideration must therefore 
be given to the various factors that influence yields and conversions. First, the reac- 


ALKYLATION 535 


tion must be thermodynamically possible, that is, it must proceed with a decrease in 
free energy. Next, the equilibrium must be favorable. However, the reaction may 
proceed so slowly that attainment of equilibrium would be uneconomical; if this is the 
case, catalysts must’ be employed. 

Free Energy. A reaction can take place only if there is a decrease in the free 
energy between the starting materials and the final products, and it is more likely to be 
commercially successful if this free-energy decrease is considerable. The free energy 
of a substance varies with the conditions, such as temperature and pressure, and condi- 
tions favorable to the desired decrease in free energy can sometimes be chosen. When- 
ever possible, if the [rec energies of the substances involved are known, or can be calou- 
lated from other data, this guide should be considered before spending money on ex- 
perimentation on new reactions. 

Equilibrium. Many alkylations are balanced reactions aud the equilibrium point 
can be altered by change in the proportions of the reactants or removal of products. 
Side reactions often complicate the straightforward reaction and frequently numerous 
products are formed, as explained under “Alkyl bound to carbon,” page 543. This 
prevents any simple handling of many alkylations. 

Kinetics, ‘The rates at which alkylations take place are frequently so slow as to 
be uneconomical without catalysts. 

Concentration or Proportion of Reactants. 'To obtain a more favorable equilibrium, 
frequently an excess of a reactant is employed. For example, an excess of methanol is 
used to force a higher yield of dimethylaniline. In some cases, however, it may be 
necessary to maintain alow concentration of one of the reactants. For example, in the 
manufacture of alkylate in the petroleum industry, where an isoparaffin is treated with 
an olefin, the latter is kept at a low ratio to lower its tendency to react with itself by 
polymerization; for example, to keep butylene from forming diisobutylene. 

Catalysis. Very many alkylations are effected by catalysts and indeed are only 
carried on ab a practical rate in the presence of catalysts. Acids, such as sulfuric, phos- 
phorie, hydrochloric, and hydrofluoric, are widely employed, as are aluminum chloride, 
ferrie chloride, boron fluoride, ete, (15,28). Because of the wide use of aluminum chlo- 
ride as a catalyst in alkylation, especially of the carbon-to-carhon variety, mention 
should be made of the Friedel-Crafts reaction (q.v.) (7,11,19). 

Pressure. In most alkylations, the number of molecules decreases duriug the 
course of the reaction; in these cases, according to the principle of Le Chatelier, pres- 
sure favors the alkylation produet. Also im other eases, particularly those involving 
the lower members of the alkyl! halides as alkylating agents, pressure is used to keep the 
reactants in the liquid phase. However, pressure costs money for equipment and 
operation and should not be resorted to unless necessary. 

Temperature. The temperature coefficient of the reaction velocity has been 
studied for a few alkylations. For the reaction C;H;I + (CoHs)sN —> (C2H;).NI, the 
temperature coefficient, Kys/tas, has the value 2.2; the same value, with a very small 

variation, holds also for allied reactions as, for instance, the alkylation of pyridine or 
dimethylaniline by allyl bromide. 

Phase. Alkylations are conducted under various phase conditions, gaseous, mixed 
gaseous and liquid, single-phase liquid, and two-phase liquid. The recent trend seems 
to favor liquid phase, and presumably in many cases initially immiscible liquids merge 
into a single liquid phase at the reaction temperature. 

. Solvents and Mediums. Whenever possible, one of the reactants should be used as 
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a solvent, as this not only brings in the mass action effect but also simplifies the re- 
covery, because of the absence of any extraneous substance. This principle is used 
in making alkylated benzene, dimethylaniline, and ‘“allkylate.” However, nonreact- 
' ing solveuts are sometimes used, such as nitrobenzene, carbexs tetrachloride, and 
chloroform. 

-. Energy Changes. Yn presenting the power requirement for any unit process, not 
merely the energy of the reaction should be considered but also any externally applied 
energy needed to bring about the reaction. If much electricity or steam is needed for 
heating or power, it must: necessarily be considered as part of the cost. Fundamentally, 
the energy of the chemical reaction must be known or determined, at least approxi- 
mately, before the reaction is transferred to a commercial scale, so that the equipment 
can be adequately designed. As a matter of experience, alkylations as a class are not 
large energy consumers, except those such. as thermal alkylation of isoparaffins by 
olefins in which fairly high temperature and pressure are needed. These have to 
compete with the similar catalytic alkylations (with hydrogen fluoride, for example) 
carried on at uearly atmospheric pressure and temperature. 


Alkylating Agents 


A feature of the unit process of alkylation is the variety of agents commercially 
employed. These may be cheap and casiky obtained, sneh as ethylene, propylene, 
butylene, methanol, etlryl alcohol, and similar products; ov they may be expensive or 
harder to make, like the alkyl quaternary ammonium derivatives or diazomethane. 

Olefins. Although alcohols were formerly tle most widely used alkylating agents, 
the olefins have now stepped to the front rank in quantity, cheapness, and all-round 
importance. The olefins chiefly employed are: cthylene, propylene, butylenes, and 
amylenes. These are obtained from petroleum, directly off the cracking still, for 
ethylene and propyleuc, or hy a secondary reaction for the butylenes and amylenes. 
Ethylene, propylene, and butylenes are ałso obtained by dehydrogenating ethane, pro- 
pane, and butanes, In any case the olefins are abundant, inexpensive, and reactive. 

The olefins tend to polymerize, and are therefore used in the presence of a large 
excess of the other reactant, whieh may he benzene or isobutane. Tt is believed that 
under some conditions the alkylation of isopavaffins with olefins in the presence of 
aluminum ehloride proceeds through the conversion of the isoparaffin to an alkyl 
chloride (38). For example: 


(CH,)CH + Colt, + 101 385, cop). CCI 4- CH, 


(See Ethylene; Hydrocarbons.) 

Aleohols. Methanol and ethyl sleohol have long been important alkylating 
agents, especially when the bonding is to nitrogen. Here, under the influence of an 
acid such as sulfurie, the alkyl displaces the hydrogen attached to the nitrogen: 


_ CHOH v 
RNH: προς RNIHCH; ———5 IN (CH3) 
2504 : 


It is frequently assumed that the sulfuric acid first forms the alkyl hydrogen sulfate 
(alkylsulfurie acid), whieh then alkylates the amine: ' 
CHSOH - F5SO, ————35 CH;HSO, 4- 1,0 


Indeed, à convenient methylating agent has long been made by carefully mixing 99- 
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100% methanol with 92% sulfuric acid. thyl alcohol and the higher aleohols, when 
treated with sulfuric acid, are dehydrated to ethers. Hence when alcohols other than 
methanol are employed, hydrochloric acid with its smaller dehydrating action is 
recommended as the catalyst. Here it is belicved that an alkyl chloride is formed dur- 
ing the course of the alkylation reaction, (See Alcohol, industrial; Alcohols; Allyl 
alcohol; Methanol.) 

Alkyl and Aralkyl Halides. Laboratory allylations of all types of bonding have 
long employed alkyl halides. In industry this is also true where the alkyl halide is 
available economically, as are methyl chloride (chloromethane), ethyl ehloride (chloro- 
ethane), aud afew others. Certain of the lower alkyl halides are go volatile that they 
must be used in antoclaves. While the chlorides are usually employed because of their 
obvious cheapness, other allyl halides have occasionally given sufficiently higher yields 
to justify the increased cost. This has been true of alkyl bromides in certain carbon- 
to-carbon alkylations among the barbiturates Gee Barbiturie acid; Chlorine com- 
pounds, organic.) 

Alkyl Sulfates and Other Esters. The dialkyl sulfates frequently give higher 
yields than the alkyl halides, but they are more expensive. Dimethyl and diethyl 
sulfates are important, but dimethyl sulfate is very toxic, and should be handled with 
great care (5,8). Alkyl sulfates and similar esters are sufficiently high boiling to be 
used without autoclaves or with only low-pressure equipment, Alkyl phosphates and 
alkyl arylsulfonates ave used to mect special conditions (31) (see Sulfenie acids; Sul- 
furie acid). 

Alkyl Quaternary Ammonium Derivatives. In certain complicated alkylations 
these quaternary derivatives give increased yields (see “Codeine” page 540). (See 
Quaternary ammonium compounds.) 

Diazomethane, CH)Ns, is a yellow gas, which is employed in ethereal solution for 
certain specialized alkylations where the higher-than-ordinary eost does not interfere. 
For aromatic hydroxyl derivatives the reaction may be formulated: 





(See Diazo compounds.) 
Reductive Alkylation. Flere a carbonyl compound (aldehyde or ketone) and 
hydrogen react with a primary or secondary aromatic or aliphatic compound in the 
‘presence of a condensing agent (allcali metal salt of a weak organic acid) and a hydro- 
genation catalyst (Raney nickel or platinum black) to give good yields of the nitrogen 
alkyl derivatives (66): 


N It, N : C HOH . NHCH.C Hs 
.  NaO0CCII ΡΝ 
-- OCHC Hi ———> > 
oatalyst 
. . 
a-naphthylamine benzaldehyde l N-henzyl-o-naphthylumine 


Frequently the reductive alkylation is earricd out in an aleoholie solution at 10-40°C., 
and under a hydrogen pressure of 30-60 lb. Heat is evolved, and cooling may he 
needed for large batches. This procedure has the advantage of suppressing the forma- 
tion of tertiary amines when the reactant is a primary amine. 

Metallic Alkyl Derivatives. The alkylmagnesium halides are usually too expen- 
sive for commercial application, but they can be used to make alkylphenols, to prepare 
other metal alkyls and silicon alkyls from the corresponding halides, and in many 
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laboratory syntheses (4), The Grignard synthesis is particularly applicable for 
making mixed ethers: 


C.H;MgCl -+ CICH,OCH; ———> C,H.CH2OCH; + MgCh 


Alkylzine halides, zine dialkyls, and tetraethyl lead are also occasionally used as 
alkylating agents (see “Alkyl bound to metals,” page 546). (See Grignard reaction; 
Organometallic compounds.) 

Choice of Alkylating Agents. The selection is based first on the reactivity of the 
ugents avuilable or the yields obtained, and secondly ou the overall cost of the various 
agents and the processes and their convenience. Usually much experimentation in 
the laboratory, followed by pilot-plant operation, is needed before a sound choice ean 
bemade. A third consideration, often of cousidershle significance, is the purity of the 
product of a given alkylation procedure. 


Types of Alkylation 
1. ALKYL BOUND TO OXYGEN (IN ETHERS) 


Both aliphatic and phenolic ethers are made by alkylation. The aliphatic ethers 
have long been exemplified by ethyl ether and recently by a number of others, such as 
isopropyl ether and dichlorocthy! ether (bis(2-chloroethyl) ether). Industrially, these 
are quite frequently made from the corresponding alcohol by the dehydrating action of 
sulfuric acid in the liquid phase. For ethyl ether the following reaction has long been 
used: 


H48Q4 
2 GHO ------- (GO + H:O 


However, in recent years much ether has been obtained as a by-product. of the hydra- 
tion of ethylene to alcohol: 


CH, -- H.O .He80., C ESOTE. -- some (Co H5 


More ether is obtained as this by-product than the market usually absorbs; hence 


advantage is taken of the following vapor-phase equilibrium reaction to convert the 
excess back to aleohol: 


AkO: 


(C; H5). -- E50 — —— 2 CHOH 





- Of caurse, ether can be made from aleoho! by reversing the above reaction and starting 
with pure aleohol, condensing the ether and unchanged alcohol, separating the ether, 


and returning the alcohol to the reactor. (See Alcohol, industrial; Ether, ethyl; 
Ethers.) 


A number of the ethers of the ethylene and polyethylene glycols have been pre- 
pared and put on the market by the Carbide & Carbon Chemicals Corporation, whieh 
sells ethylene glycol monoethyl ether (2-ethoxyethanol), as Cellosolve, and diethylene 
glycol monoethyl ether (2-(2-ethoxyethoxy)ethanol) under the trade name Carbitol. 
These and the other members of the two series have excellent solvent properties. 
These compounds can be made from ethylene oxide by using alcohol as the ethylating 
agent, and the reactions may be expressed: 
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σπς-οπ, 
Ν΄ + GHOH ——> C.H,OCH,CILOH 
ethylene oxide Cellosolve 
CHs—OCHa : 
Ν΄ + CH,OH.CH.OW —-—> CHOTLCH,OCH.CH.OH 


diethylene glycol 
CHLOH, CH2OCHCIROH + C:H;OIT ———— CoH,OCHCH,OCH2CH.O H. 
Carbitol 

Absolute alcohol in exeess and ethylene oxide are heated together in an autoclave first 
to 150°C. for 12 hours (pressure 250 Ib. falling, as the reaction proceeds, to 125 Ib.). 
after discharging the autoclave, the products are separated by fractional distillation. 
Tho yield of Cellosolve is about 70%, and the high-boiling constituents contain the 
ethyl ethers of di- and triethylene glycol. Thus some Carbitol is a by-product of the 
manufacture of Cellosolve (50). Diethyl sulfate has also been suggested for alkylation 
of ethylene glycol or of chlorohydrin for making Cellosolve (49,51,52). (See Glycols; 
Solvents.) 

Alkyl halides react on a hydroxyl group either directly, in the presence of an alkali, 
or after the hydrogen of the hydroxyl group has been replaced by sodium. This is 
Williamson’s syuthesis, which is applicable particularly to making mixed ethers: 


CsH;ONa -+- CH;Cl ~—-—> C.H,OCH; + NaCl 
CHOH -+ CUCL H- NaOH — —— O,H;OCH; -- NaCl 


An important example of this is afforded by ethyl cellulose, which is made in large 

amounts by the following reaction: 
[CEL OOH Jala -+ 8n NoOlL ——— > [(CeHrO.(ONa)aln + 382 ILO 
cellulose alkali cellulose | 
[C;ESQS(ON a)i] i -F-- 3n. CECI ————9 [OWEOs(0OCoH3], -- 3a NaUL 
ethyl cellulose 

This reaction is carried out industrially by Hercules Powder Company (2). (See 
Cellulose derivatives.) The number of ethoxy groups introduced varies according to the 
properties desired. The cellulose used is either sheeted “chemical” cotton or purified 
sulfite pulp; this is shredded and put into a covered horizontal metal trough where it is 
“wetted” with iron-free caustic soda solution and conveyed to the alkylators. These 
latter are nickel-clad steel, 4500-gallon, steam-jacketed autoclaves tested to 700 p.s.i. 
and equipped with solid-nickel stirrers. After the alkylator is charged with the alkali 
cellulose and the ethyl chloride, the temperature is raised to nearly 400°F. Ethyl 
cellulose, salt, ether, and alcohol are formed. Every 100 th. of cellulose charged yields 
about 125 tb. of ethyl cellulose. The ethoxy content and the viscosity are varied by 
the control of time, temperature, pressure, and ratio of reactants. After the reaction 
has progressed to the desired point, the ether and alcohol formed are flashed off. These 
are washed with sulfuric acid in à lead serubbing tower to remove harmful low-boiling 
constituents, then condensed and carefully rectified in copper columns to separate 
minor amounts of ethyl chloride. The alcohol and ether are separately converted back 
to ethy! chloride by using hydrochloric acid made at the plant from salt and sulfuric 
acid. After the solveuts have been distilled off, the ethyl cellulose is found in the 
alkylator floating in the weak caustic solution (saturated with salt), The ethyl cellu- 
lose has its rather large granules broken up by being passed through a disintegrator on 
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the way to a nickel screen for separation and washing. The produet is specially puri- 
fied, centrifuged, dried, and packed for shipment. The mother liquor of weak caustic 
saturated with salt is evaporated, and both caustic and salt are reused. Ethyl cellu- 
lose at present is consunied to the extent of about 70% in plasties, aud 30% in protec- 
tive coatings. 

The aralkyl derivative, benzyl cellulose, is made similarly, according to the equa- 
tion: 

[CsEROs(ONa)] , + 82 Cols CHyCl —— [C HOOCH: CHa] + 3n NaCl 
alkali cellulose benzyl chlorile benayl cellulose 


Benzyl cellulose is employed to some extent in the plasties industry. 

' Phenol ethers are prepared similarly to the aliphatie cthers. An alkyl halide, 
alkyl sodium sulfate, diallcyl sulfate, or alkyl toluenesulfonate is treated with a phenol 
in an alkaline medium (sodium ethylate), or in the presence of metal halides (39). 
Naphihols are alkylated more easily than phenols, heating of the naphthol with 
methanol in the presence of sulfuric acid or alumina being sufficient to give satisfactory 
yields. 

Codeine (see Alkaloids) is manufactured by methylating morphine. This is a very 
difficult alkylation, as the morphine molecule has three places that can be alkylated: 
(1) the phenolic hydroxyl—alkylation here gives codeine; (2) the tertiary nitrogen— 
in this case, this eross chain is broken; or (3) the alecholie hydroxyl. The good yields 
now obtained by the manufacturers depend upon the use of a quaternary ammonium 
derivative (such as CeHsN(CHs),0H), whieh las little or no tendency to alkylate in 
positions (2) and (3) (39,43). 


morphine 


2, ALKYL BOUND TO TRIVALENT NITROGEN 


Aliphatic Alkylamines. These are made in a varicty of ways, such as the action of 
alcohol on ammonia or an amine in the vapor phase over aluminum oxide for the prep- 
aration of the lower amines, for the higher amines by the action of an alkyl halide on 
ammonia in the liquid phase, often in the presence of the corresponding aleohol. (See 
Amines; Ammuonolysis,) Teat is often needed in the liquid-phase reactions, and 
autoclaves are then used. The dialkyl sulfates, because of their higher boiling points 
and energetic action, often alkylate on being heated in ordinary nonpressure vessels. 
Aldehydes and ketones react on amines and yield nitrogen alkyl derivatives after 
hydrogenation (sce “Alkylating agents," page 536), A somewhat similar reaction is 
the preparation of alkylamines from ketones, ammonia, and hydrogen. 

Amylamines (¢.v.) may be deseribed as typical alkylation products in the ali- 
phatic series. They are made by the reaction of mixed amvl chlorides (see Chlorine 
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compounds, organic) with ammonia, in aleohol as a mutual solvent (25), The main 
reactions are: 
C;HguCl 4c NI, — —95 CGsHuNH. HC! 
2CsHuCl + 2 NHs ——» (CsHu)sNHLHC] + NHCL 
Relatively small amounts of triamylamine, amylene, and amyl alcohol are formed 
simultaneously: 
8GHiCl + 3 NH > (CsHy)sN.HC] + 2 NELCI 
CHCl -+ NH, —~——> C;Hw + NHC 
CsHuCl + NH; + HO ——> C;HsOH + NELCL 





The flow chart for the Sharples process as described by Hunt is shown in Figure 1. 
This may be broken down into the following coordinated series of unit processes 
(chemical changes, abbrevi- 

ated, Pr.) and unit operations Alcohol 
(physical changes, abbrevi- 
ated, Op.). 


An ethyl alcohol solution of 
ammonia is pumped from ammonia 
scrubber 1 to charging tank 2 (Op.). 
Mixed amyl chlorides from mensur- 
ing tank 3 aud the aleoholie am- 
monia are dropped to another tank 
4(Op.). This mixture is transferred 
to autoclave 5, where additional am- 
monia is introduced from cylinder 
6 (Op). Alkylation is effected in 
the autoclave by maintaining a tem- 
perature of 160—165?C, tor 2 hours 
and then raising to a temperature 
corresponding to 400 p.s.i. for an 
additional 2 hours (Pr.). The mix- 
ture is discharged to still 7 at a 
pressure below 7 lb. (Op. Am- 
monia is refluxed out through serub- Fig. 1. Production of amylamines (25). 
ber 1, which is actually three serub- 
bers in series. The alcohol in each serubber is cireutated through a cooler (Op.). The distillate is 
dropped to mixer 8, where water is added until au oily layer separates (Op.). The aqueous alcohol 
layer is pumped to storage 9 and the oily layer is later fractionated into its components (Op.). The 
residue in still 7 is pumped (o another still 10, and caustic soda is added to free the amines (Op. Pr.). 
The remaining ammonia is first distilled out to the scrubber and then the wel amylamines are dis- 
tilled over (Op.). Water is separated in decanter 11 (Op.). The amines are dropped from receiver 
12 to mixer 13 for dehydration with’ caustic soda (Op. Pr.). Caustic soda is separated to tank 14 for 
later pumping to still 10 lor caustic treatment of a subsequent batch of amine hydrochloride (Op.). 
The dehydrated amylamines are dropped to still 10 for fractionation (Op.). 

Anzylamine and diamylamine are formed in the ratio of about 3:2 with a small proportion of tri- 
amylaminc. The amylaminos are all liquids, and are used, often in the form of salts, as emulsifying 
agents for the textile industry, flotation agents, corrosion and pickling inhibitors, ete. 


Ammania 





Often an alkyl group is introduced into a larger molecule by building it up from 
smaller molecules, one or more of which carry the alkyl group. For example, in the 
manufacture of the alkylated rubber accelerators, tetramethylthiuram disulfide and 
sulfide (bis(dimethylthioearbamyl) disulfide and sulfide), the alkyl groups are intro- 
duced as dimethylamine, which is itself a product of alkylation, 
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CH; CH S CH, 8 $8 CIL CHa 8 8 CH; 
ὃν NaOH ^ r |. . oxidizing X Lus lk NaCN aded 
NH + CH, US N CSNa ueni 7 CRSC Y ) 7 f Y 
UH; CH; CH; CH; CH; CH; 
tetramethylthiuram tetramcthylthiuram 
disulfide sulfide 


Similarly, the methylamine side chain in epinephrine (Adrenalin), the diethylamine 
side chain in procaine (Novocain), and the complicated diethylamine side chain in 
quinacrine (Atabrine) are introduced from simpler compounds in the course of the 
main synthesis. 

Aromatic Alkylamines. These have long been very important intermediates in 
the dye field, photography, and medicinals (41), Tixamples are dimethylaniline, di- 
ethylaniline, ethylbenzylaniline, and Metol (see below). Dimethylaniline is made by 
the following reaction in a steel autoclave: 


op TSO, 
CEN H, --- 2 CH;OH 


"208-3309 C. CyHaN (CHa)s + 2 H0 


Ethylbenzylaniline is manufactured by treating ethylaniline with benzyl chloride in 
the presence of soda solution. (Bee Aniline.) 

Metol, a photographic developer, is prepared by reductive alkylation of p-amino- 
phenol and formation of the narmal sulfate: 


ΝΗ, ᾿ N ‘CHa HNCH; C n H;— 8304 ΤΕΝ CH 

| 
AN d Al Ν Ν 
| + HCHO —~—> —— T50; 
' 7 ' amalgam 3 

| o | 

OH OH TL OH OH 

p-aminopheno) Metal 


Dyes may be alkylated after formation but their alkyl groups are usually carried 
inte their complicated molecules by using alkylated intermediates such as dimethyl- 
aniline or ethylbenzylaniline. Ἢ 

Heterocyclic N-Alkyl Derivatives. Caffeine (y.v.) is the N-methyl derivative of 
theobromine (see Alkaloids) and is in great demand for use in soft drinks of the cola 
variety. Itis extracted in the process of decaffeinizing coffee and it is also made by the 
N-methylation of theobromine from caeao shells by means of dimethyl sulfate or 
methryl p-toluenesulfonate (80). 


3. ALKYL BOUND TO NITROGEN IN QUATERNARY COMPOUNDS 


The quaternary ammonium compounds (g.v.) are made by the addition of an 
alkyl halide or other alkyl ester to a tertiary amine: 
N(CH); + CH,Cl ———> N(CH;),Cl 


4 - - un - γρ NaOH (aleoh. 
CSHeN(CHs) -- (CHa)8O, ———2 CAN (CE SO UH) S207 Ceohel} 





benzene 


CEN (CHOH + NaCHS0, 


Some quaternary compounds of more complicated structure are useful, such as the 
antiseptic acriflavine (see Acridine dyes). A number of quaternary ammonium salts 
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are used for sanitation of dishes because of their powerful antibacterial action, an effect 
that increases with molecular weight wp to echyltrimethylammonium salts (23), These 
compounds result from, the action of an alkyl halide upon trimethylamine or its homo- 
logs. Benzyltrimethylammonium chloride and hydroxide find some use as catalysts 
or for further syntheses. 


4. ALKYL BOUND TO CARBON 


Τη these alkylations olefins are the most important alkylating agents. The forma- 
tion of ethylbenzene, cumene, and of alkylate are described below as examples. (See 
also Gasoline; Hydrocarbons; Petroleum.) 

Ethylbenzene is manufactured ona very large seale, about 50,000 tons having been 
mace in 1944 for dehydrogenation to styrene for rubber and plastics. The equation is: 

MCh + ΠΟΙ 
ΟΠ: + ChE, — BS*CL 718 nai. Call Ce H; + some Cas (ο πε) 
ay 15 pe. 
benzene ethylene eihylbonzeng polyethylbunzenes 


The benzene is added in considerable excess to suppress both the polymerization of the 
ethylene and the formation of the polyethylbenzenes (1,9,62,63,64). The liquid ben- 
gene enters the top of a tower, up which ethylene gas passes at substantially atmos- 
pheric pressure. A catalyst is employed. The crude ethylbenzene is drawn off from 
the tower, neutralized, and fractionated to furnish pure ethylbenzene, benzene, and 
polyethylbenzenes. The benzene is recycled and the polyethylbenzenes are returned 
to the reactor tower for dealkylation-realkylation (18,30). (See “Chemical considera- 
tions,” page 533.) 

Cumene (isopropylbenzene) was important in World War I as a blending agent 
for 100-octane gasoline. The plants were shut down in 1946 but may be started again 
after stocks are decreased. The equation for tts preparation is: 

400-500^ Y. 

C4; -F CELCIH:CHs;  ———  C&4H5CH(CIHjs 4 Οία ICH(CHs)] 
400-450 ϱ.Η.1. 

benzene propylene isopropylbenzene polyisopropylhenzenes 


Sulfuric oy phosphoric acid was employed as a catalyst. The polyalkylated benzenes 
were mixed with more benzene in the presence of aluminum chloride and dealkylated— 
realkylated. 

Numerous other alkylated aromatics such as alkylnaphthalenes have been studied 
(33). The alkylation has been carried out with various alcohols in the presence of 
aluminum chloride with yields of about 85%. 

Alkylate, prepared by the petroleum industry as an important constituent of high- 
octane gasoline, is not a single chemical but a mixture (10,39,46,47). It is manufac- 
tured by reaction of olefins with paraffins or isoparaffins, This very important alkyla- 
tion may be carried out in several ways: 

(1) By catalytic alkylation with hydrogen fluoride (iquid phase) (12,16,26). 


70-115°F. . (2 2 4-trimethylpentane 35-4007 
(CHCH + QHs > CH 2, 3. ,A-trimethylpentane 20-3095 
125-175 p.&i. 2,3,3-Lrimethylpentane, eto. 


isobutane ^ butylenes 


(2) By catalytic alkylation with 98% sulf uric acid (liquid phase). 


U-50^Y 
(CH,),CH + rence DW CxEis 
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(3) By catalytic alkylation with aluminum chloride-hydrocarbon (liquid phase) 
(20,29). 
το. . 100 1309F. . - "EM 
(CH:hCH + GH EU TM CH, — (2,3-dimethylbutaue 55-7055, dimethylpentanes, etc.) 
300 p.si. 


ethylene “diisopropyl alkylate” 
(+ some 
propylene) 


(4) By thermal alkylation (vapor phase) (82). 
- ' 90? T, . 2s . 
(CHa) CH; + Calg ^ CHa 2,2-dimethylbutano (neohexane), principal constituent 
a Ye 

In all these methods it is necessary to keep the olefin to the minimum ratio in order to 
suppress its polymerization. About 3 to 8 parts of the isoparaffin is required [or one 
part of the olefin or olefins, and the excess isoparaffin is separated after the alkylation 
and recirculated (see Figs. 2and3). Sufficient pressure is employed to keep the react- 
ants in a liquid phase. Usually the olefin is added to an emulsion of the paraffin and 
catalyst. Practically all the olefin used reacts. 
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Ca or Ca = C, 
Olefin feed Butane 

Debutanizer 

isobutane 










De-isobutanizer y 





Depropanizer| Bauxite towers p» Alkylate 






Isobutane and hydrogen fluoride recycle 
Courtesy Universal Gil Products Go. 
Fig. 2. Alkylation of isobutane using hydrogen fluoride as catalyst. 
(Note: Depropanizer used only when feed contains propane-propylene fraction.) 
(545 bbl. of butylenes and 655 bbl, of isobutane per 1,000 bbl. of alkylate; 0.5 to 0.65 Ib. of 
hydrogen fluoride, 0.5 Ih. of buuxite, and 0.4 Ih. of lime per bhbl. of alkylate; 32,000 lb. of steam per 
hour; 2,500 gal. of cooling water per minute; 50 kw.-hr. of power; 3 men for each 8-hour shift.) 


Alkylation is a general reaction in the petroleum field. It appears that any par- 
afin having a tertiary carbon atom will undergo this reaction. Both isobutane and iso- 
pentane have been alkylated with ethylene, propylenc, butylenes, amylenes, and 
higher olefins. In the case of alkylation with ethylene, hydrogen fluoride or sulfuric 
acid does not catalyze the reaction, which will proceed, however, “thermally” (without 
a catalyst), or in tle presence of aluminum chloride, aluminum bromide, or preferably 
a liquid complex formed by heating aluminum chloride with a parafinie hydrocarbon. 

The alkylate is à mixture of saturated isoparaffins of excellent autiknoek character- 
istics. In thermal alkylation, either n-butane or isobutane can be alkylated, while in 
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the other alkylations only isobutaue or other isoparaffin is sufficiently reactive; the 
low-boiling normal paraffins must therefore be isomerized before catalytic alkylation 
(14,67). Catalysts permit the use of lower temperatures and pressures (6). When 
sulfuric acid is used, refrigeration is necessary to reduce the feed to 30-509 EF. in order 
to suppress the oxidizing and “tar-forming” action of the sulfuric acid. The sulfuric 
acid is discarded when it becomes diluted to 90%. The hydrogen fluoride and sulfurie 
acid catalysts are sufficiently low in water to permit operation in steel equipment. In 
the reactor (see Figs. 2 and 3) the catalyst occupies a volume of 35-60% und the contact 
time is 10-20 minutes. Figures 2 and 3 illustrate the flow charts for typical alkylations 
in the petroleum field. The reactants are continuously pumped around and the excess 
isobutane is fractionally distilled and recirculated (42,45). ats 
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C aet isobutane recycle Courtesy Universal Oil Products Cto, 


faed 
Fig. 3. Alkylation of isobutane using sulfuric acid as a catalyst. 


(Note: Depropanizer used only when feed contains propane-propylene fraction.) 

(545 bhl. of butylenes amd 655 bbl. of isobutane per 1,000 bbl. of alkylate; 35 Ih. of sulfuric acid 
and !/, Ib. of caustic soda per bhl. of alkylate; 18?/, million B.t.u. of fuel per hour, including re- 
frigerution; 55,000 Ih, af steam per hour; 17,000 gal. af cooling water per minute; 405 kw.~hr, of 
power; 3 men for euch B-hour shift.) 


Under the usual alkylation conditions, the products formed by the alkylation of 
isobutane with any one of the butylenes are remarkably similar in the composition of 
the octane eut. See Table T, The commercial alkylate from isobutane and Ci and Ch 
olefins is a mixture consisting largely of highly branched octanes and nonanes, and 
having an A.S.T.M. octane rating of 91-94. This process was the backbone of the 
aviation-gasoline industry during the war years 1940-45, the combined producing ca- 
pacity for the country, cmploying either sulfurie acid or hydrogen fluoride catalysts, 
rising to abont 150,000 barrels per day by the middle of 1945. 

Alkylation of isobutane with ethylene in the presence of an aluminum chloride- 
hydrovarbon-complex catalyst gives a product consisting mostly of hoxanes, the larger 
proportion of which is 2,2-dimethylbutane (neohexane), which has an octane number 
of 95. This isobutane-ethylene alkylation process has been used commercially. 
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TABLE I. Products of Alkylation of Isobutane with Butylenes, at 10°C., 
with 9895 Sulfuric Acid as Catalyst. 




















Olefin feed 
Alkylate Isobutylene | 1-Butene 2-Butene 
7 mE Volume per eent i ----- 
(η 15 6 10 
Cs πι) 90 77 
Cor 26 1 13 
Constituents of the octane cut 
2,2,4-Trimethylpentane 48 + 43 
2,2,8-Trimethylpentane 3 T 4 
2,3,4-Trimethylpeutane 15 20 18 
2,3,3-Trimethylpentane 19 25 21 
Dimethylhexanes 15 10 11 


Courtesy: Phillips Petroleum Company. 


Table If summarizes the conditions for operation of three commercial processes for 


paraffin-olefin allylation. 


Nuclear-alkylated phenols huve been in demand for plastics, antioxidants, and 


surface-active agents. Phenols have been alkylated in the nucleus with alkyl halides 
such as terf-amyl chloride (56), with or without a catalyst such as aluminum ehloride, 
or with olefins (27,48,58,59,61). A special example is the manufacture of the sodium 


TABLE II. Typical Operations of Paraffin- Olefin Alkylation Processes. 




















Type of alkylation 
Operating conditions f Aluminum 
Thermal Hydrogen chloride 
Molar isobutane-olefin ratio (feod) 2.7:1 4-8:1 3.5-8:1 
Contact time, min. 4.5 10-20 20 
Reaction temperature, °F. 930 70-115 100-130 
Reaction pressure, p.s.i. 5000 125-175 400 
Catalyst: 
Volume 95, in reactor None 45-60 35-45 
Acid strength, % HI 9 — 85-95 — 
AlCl; content, % by weight --- — 55-02 
Reactants Ethylene Butylenes Ethylene 
Isobutane Amylenes Propylene 
Isobutane Isobutane 
Total alkylate yield, lb. per lh, olefin reacted 1.8—1.4 1.5-2.0 2.6-2.8 
Isobutane consumed, lb. per Ib, olefin reacted 0.8 1.0-1.1 1.7-1.9 
Conversion of olefin, % by weight 95 100 95-98 





Courtesy: Philips Petroleum Company. 


salt of eetyl phenolsulfonate for surface-active agonts; the sulfonated phenol is alkyl- 
ated with cetyl chloride in the presence of zine chloride (57,60,65). 


5. ALKYL BOUND TO METALS 


' Alkylzine and -magnesium halides are prepared by the action of the alkyl halide 
on the metal (or a copper—zine alloy), usually suspended in a dry solvent such as 
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ether, benzene, or toluene (see Grignard reaction). Alkyl halides of less active metals 
are obtained from the metal halide by the action of alkylzine or alkylmagnesium 
halide. Distillation of allylzine halides gives the zine dialkyls (spontaneously 
flammable), which are very useful in difficult alkylations: 


(CHa)sCCl 4- fRasZn ————5 (CH44CR «7. RZnCl 


Tn recent years many organometallic compounds (g.».) have had important appli- 
cations in industry. "Tetraethyllead (see Lead, tetracibiyl) has had a profound influence 
in increasing the efficiency of internal-combustion engines. Itis made by the following 
simple reaction (39): 


4 PbNa + 4 C.H,Cl———> PhCH) -+ 38 Ph + 4 NaCl 


Ethylmercurie chloride and phosphate are important fungicides used in seed 
treatment. Wthylmereuric chloride (CeHsHgC) is formed by treating tetraethyl lead 
with mereurie chloride. EMthylnercurie hydroxide is used in the manufacture of 
certain antisepties (q.9.), such as Merthiolate (sodium ethylmercurithiosalicylate , 
CoH HeSCsE.COONa). (See also Mercury preparations.) 


6. ALKYL BOUND TO OTHER ELEMENTS 


Several compounds alkylated on a sulfur atom have become quite important in 
recent years, for instance, the mercaptans (q.v.) (such as amyl mercaptan (25)), which 
are used as warning agents in natural gas because of their intense and cisagrecable 
odor. Mereaptans are algo employed in organic syntheses as, for instance, the manu- 
facture of sulfonal by the condensation of ethyl mercaptan (ethanethiol) with acctone, 
followed by oxidation. In recent years a very considerable amount of lauryl mereap- 
tan (1-dodeeanethiol) has been manufactured for use as a modifier in the polymeriza- 
tion reaction leading from butadiene and styrene to synthetic rubber GS. Lauryl 
mercaptan is formed by treating lauryl alcohol with hydrogen sulfide: 


ThOs OC 
n-Or Hop OH + HS ποτ᾽ n-CypHaSH + Π.Ο 
00510, 


The silicon organies have aroused great interest and have many potentialities in 
the fields of lacquers, varnishes, resins, and lubricants on accowmt of their resistance to 
high temperatures. Silicon tetrachloride can be progressively alkylated. with, for ex- 
ample, alkylmagnesium bromide: 


ΒΙΟΙ. + CSIL;MgBr ————3 C-SiC + MgDrCl, elc. 


The alkyl (or aryl or mixed) silicon halides can be hydrolyzed to the corresponding 
silicon hydroxides or silanols (22,35). The silanediols may lose water forming silicones, 
which immediately polymerize. (See Silicon compounds, organic). 


Design and Equipment 


Materials of Construction. I+ is fortunate indced that steel can be used in many 
cases for the construction of alkylation equipment, although there are specifie condi- 
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tions that necessitate enameled liners or special alloys to prevent the attack of the rea- 
gents upon the reaction vessels. In the petroleum industry, sulfuric acid and hydrogen 
fluoride are used on a very large scale as alkylation catalysts; however, these must be 
substantially anhydrous to be effective, and this is fortunate from the corrosion stand- 
point, 

Corrosion may be caused by the catalyst used in the alkylation or by hydrogen 
halides formed by hydrolysis of alkyl halides. In the preparation of N-alkyl com- 
pounds, the original amines or the alkylamines formed have an inhibiting action 
against corrosion. The salts formed by the alkylamines with acids may not be very 
corrosive, hut the hydrochloric acid liberated from hydrochlorides is of course corro- 
sive. In the preparation of diethylaniline, for example, from aniline, ethyl alcohol, and 
hydrochloric acid, the equipment must therefore be proof against the hydrochloric 
acid, Platinum liners have been used, but it is more economical and quite frequently 
satisfactory tio employ enamel liners for the reaction vessels, whether autoclave or 
other type of equipment. 

Continuous or Batch Procedure (44). A very great number of alkylations are 
'arried out on a sinall seale where batch operation is more satisfactory. However, in 
large-scale production, such as alkylation in the petroleum field und the production of 
ethylbenzene, coutinuous processes are mutch more economical. Here the quantity de- 
sired is sufficiently large to make it worth while bo install the necessary instruments 
and to determine the correct conditions to guarantee the maintenance of the desired 
condition at every stage of the continuous process, 

Design. The first clements in designing an alkylation plant are the same as in 
other applications of chemical engineering, uamely, so to pattern the equipment and 
choose its materials of coustruction that corrosion will be kept to a minimum and that 
the production will be the maximum per dollar invested in the plant. In many in- 
stances alkylation reactions must be carried out under pressure, in which case the 
usual precautions must be taken, sueh as safety valves or explosion disks (sce Safety). 

Recovery and Separation of Products. Whenever the nature of the reaction and 
product permit, a simple distillation will usually be the most economical method of 
separating the product from the reactants. Frequently such a distillation will furnish 
a finished material of quality sufficient to meet the demauds of the market. If not, 
other means of purification may be necessary, such as crystallization or separation by 
means of solvents. 

Unit Operations. The unit operutious employed most extensively in unit process 
of alkylation are heat transfer, mixing, pumping, and distillation. The equipment 
should be designed to carry these out in such a way that the same yields and conver- 
sions are obtained as in the original laboratory investigation. 

Instrumentation and Control. Conditions of a reaction involving allylation 
should be kept to the predetermined pressure, temperature, and proportions as deter- 
mined by the original laboratory work and checked in the pilot plant. In order to keep 
to these conclitions, not only recording instruments but actual control instruments are 
becoming of greater and greater importance each year. They save labor, but more 
than this they insure the reproduction of the most favorable conditions. 

Hazards. Alkylated products in themselves are not as a rule hazardous, although 
some of them, such as tetraethyl lead, ave taxic. However, some alkylating agents 
must be handled with considorable care, for mstance, dimethyl sulfate. Among the 
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catalysts, hydrogen fluoride is very toxic and hazardous, but the conditions for 


its safe handling have been worked out, and consequently it may be employed without 
any undue risk (3,37). 
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ALKYL HALIDES. See Bromine compounds, organic; Chlorine compounds, organic; 
ete. 

ALKYL PHOSPHATES, SULFATES, ete. See Phosphoric acids; Sulfurte acid; 
ete. 


ALKYNES 


Alkynes are open-chain unsaturated hydrocarbons containing at least one triple bond 
(—C: C—) in the molecule and are therefore highly reactive. They are called algo 
acetylenic hydrocarbons (see Hydrocarbons), Those containing only one triple 
bond may be represented by the general formula C, Ho,» (n = 2 or more); the first 
member of the acelylene series is acetylene (¢.v.) (ethyne), CH: CH. 


ALLENE, CH,:C:CHs. See Hydrocarbons. 


ALLERGENS, INDUSTRIAL 


Alergy is a word coined by von Pirquet to denote a more than normal reactivity of 
living tissue to a normally nontoxic amount of a substance, resulting from and follow- 
ing previous contact with it. The initial contact causes the formation, in the body 
fluids, of specific substances called antibodies, which are antagonistic to the action of 
specific substances and microorganisms. Substances that can cause the formation of 
antibodies and can react with them are called antigens or allergens. A person showing 
allergy to a substance is said to be allergic to that substance. 

Allergy is not synonymous with hypersensitivity. Hypersensitivity is a broader 
term, of which allergy is a subdivision. For instance, hypersensitivity of certain parts 
of the skin may exist because of such physical or physiological characteristics or de- 
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fects as a thin layer of epidermis or scanty secretions. Such a hypersensitivity is not 
allergy. 

Atopy is a term used to denote the condition of human hereditary allergy. 

„Anaphylaxis is a severe, acute, constitutional or local reaction following the intro- 
duction into the body of a foreign substance (usually a protein) induced by the com- 
bination of the substance with the antibodies that were produced by a previous intro- 
duction into the body of a similar foreign substanee. 

Arthus phenomenon: Maurice Arthus, a French bacteriologist, injected a rabbit 
with horse serum at intervals of six days using different sites for the injections. After 
the fourth injection, the site of the first injection became softly infiltrated; after the 
fifth injection the infiltrated area became hard and tense; after the sixth injection the 
infiltrated area broke down and became gangrenous. ‘This is cited as the phenomenon 
of local anaphylaxis. 

Schwarteman phenomenon: An animal was gìven onc intracutancous injection of a 
bacteria-free filtrate of a bacterial culture. Twenty-four hours later tle same filtrate 
was given intravenously. A hemorrhagic necrosis occurred at the site of the first 
iutracutaneous injection. This is explained as a phenomenon of early localized sensi- 
tivity to a circulating toxin. 

Prausnitz- Küstner reaction: This is elicited by injecting intracutaneously into a 
nonallergie person 0.1 ml. of the blood serum of an allergic person. Twenty-four 
lours later, 0.1 iml. of the substance to which the allergic person was sensitive is 
injected intracutaneously into the same site. A wheal surrounded by an area of 
erythema soon appears; this demonstrates that circulating antibodies are present in 
the allergic person. Urbach-Koenigstein obtained similar results using blister fluid 
instead of blood serum. 


Causes 


Most individuals can become allergic to some substance, but some become allergic 
more easily than others. Substances vary in their propensity to cause allergy, but the 
allergenic power of a substance increases with the amount and concentration of the 
substance, with the time of exposure, and the size of the area exposed; it also depends 
upon the body site. 

Predisposing factors that are said to make some people more susceptible to allergy 
are: allergic heredity; dysfunction of endocrine glands; increased exeitability of tho 
sympathetic and parasympathetic nervous systems; absorption of toxic metabolic and 
eatabolie substances; hepatic dysfunction; psychic influences. 

Sensitivities have been shown to be highly specific, and the theory held by some 
that sensitivity to one substance (monosensitivity) predisposes to sensitivity to 
chemically unrelated substances (polysensitivity) has not been substantiated. 

The mechanism of the allergic manifestation is thought to be the irritating action 
of a histamine-like substance formed by the combinatiou of allergen with antibody. 
Histamine can be inactivated if brought into direct contact with a substance (enzyme) 
called histaminase, which is found in the kidneys and small intestines. The chemical 
structures of antigens are not known, but they are thought to be proteins, carbo- 
hydrates, and polysaccharides. They can act in such low concentrations that only 
biological methods can detect their presence. Antibodies are thought to be the gamma, 
fractions of modified serum globulins (see Blood fractionation; Serums). 
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The causes of allergy may be outside or inside the body (exogenous or endoge- 
nous). The exogenous allergens may be inhaled, ingested, injected, or contacted. 
The endogenous allergens are formed in the body when bacteria, viruses, fungi, para- 
sites, or the stings or bites of insects act upon it. Endogenous allergens muy also be 
derived from the catabolic products of diseased organs, exudates, secretions, and ex- 
cretions. 

There is probably no organic or inorganic substance that cannot under appropriate 
conditions become an allergen. However, certain substances and groups of sub- 
stances are known to be specially prone to cause allergies in persons exposed to them 
in their work. See Table I. 


TABLE I. Allergens That May Cause Dermatitis or Asthma. 


Dermatitis 


Asth nuu 


Dusts from many different sources 
Silk, wool, straw, kapok 
Pyrethruin, derris, cubé insecticides, fungicides 


Many plants and flowers 
Silk, hemp 
Pyrethrum, derris, eubé inseeticides, fungicides 


Fertilizers Fertilizers 
Chromates, dichromates, persulfates Persulfates 


Cobalt, (tool makers) 

Nickel, chromium (jewelers) 

Hair and animal bristles i 

Glue, animal and fish 

Cinnamon, vanilla, other flavoring agents 
p-Phenylenediamine 


Cobalt (Lool makers) 

Platinie chloride und oxide (jewoelers) 
Hair and dander, bristles, leathers, fur 
Glue, fish 

Perfumes 

p-Phenylenediamine 

Peptone powder 


Dermatitis (conted.) 


Arsenical insecticides Formaldehyde 


Various explosives, as TNT, Tetryl, fulminate 
of mercury, picric acid 

Mercury and alkaline carrats (felt-hat makers) 

Tanning agents 

Ous, solvents (machinists) 

Chlorinated hydroearbons 


Dyes 

Paints varnishes, and lacquers 

Linseed, mustard, and rape oils 

Phenol- and urea-formaldehyde-resin 
monomers 

Rosin 


Tar, asphalt 


Synthetic rubber 
Various disinfectants, as iodine, phenol 


Rubher aecelerators and antioxidants 


Symptoms 


Allergy may affect many organs of the body. It may affect the respiratory sys- 
tem, causing inflammation of the upper respiratory tract, such as hay fever and sinusi- 
tis, or the lower respiratory tract, such as bronchial asthma. Conjunctivitis often: 
accompanies allergy of the upper respiratory tract. Allergy of the respiratory tract is 
usually caused by inhalants, such as pollens and dusts, but may also be caused by 
foods or drugs. 

Allergy may affect the gastrointestinal tract causing such symptoms as edema or 
inflammation of the tongue, lips, and oval mucosa, dyspepsia, diarrhea, vomiting, and 
acute abdominal pain. The ingestion of foods and beverages, such as fish, pork, 
alcohol, and coffee, may lead to gastrointestinal allergy. Allergy to certain foods may 
cause manifestations on the skin, such as pruritus, urticaria, herpes, erythema multi- 
forme, angioneurotic edema, the so-called atopic eczema, and purpura. 

Allergy may be the cause of such diseases of the eye as simple conjunctivitis, ver- 
nal conjunctivitis, and keratitis. The central nervous system may be affected by 
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allergens. Migraine and. Meniere's disease may be caused by allergy. Neuritis may 
be caused by allergy to certain antitoxins, vaccines, foods, and drugs: Certain allergens 
act on the cardiovascular system, Some produce vascular shock or anaphylactic 
phenomena; such are certain bacterial toxins and the serum of certain laboratory 
animals. Allergy to tobacco may cause thromboangiitis obliterans, cardiac arrhyth- 
mia, angina pectoris, aud coronary disease. Allergy to foods, drugs, pollens, and 
physical agents may also cause cardiovascular symptoms. 


Allergy of the Skin 


The skin is the largest shock organ of the hody and allergic diseases of the skin are 
probably more frequent than of any other organ, Allergic dermatitis is most often 
βοὴ by contactants, such as plants, chemicals, cosmetics, fabries, aud jewelry, but 
it may also be caused by the ingestion of drugs such as arscuic, bromides, iodides, sulfa 
drugs, phenolphthalein, and many others, It may also be caused by inhalation of 
volatilized chemicals and drugs. lt has been estimated that allergy is the cause of 
about 2097 of all cases of occupational dermatitis. 

Nowhere is it more important thau m eases of eontaet, dermatitis to differentiate 
between primary irritants and sensitizers (allergens). It is of cqual importance to 
differentiate between hypersensitivity due to anatomical and physiological abnormali- 
ties of the skin and hypersensitivity duc to allergy. A primary cutaneous irritant is an 
agent that wil cause dermatitis by dìreet action on the skin only at the site of contact 
if it is permitted to act in sufficient intensity or quantity for a sufficient time. It 
causes inflammation by denaturing the skin or abstracting one or more of the skin's 
essential ingredients. A primary irritant may also be an allergen. A cutaneous sensi- 
tizer need not necessarily cause demonstrable cutaneous changes on first contact, but 
brings about such specific changes in the entire skin that after five to seven days or 
longer further contact on any portion of the skin will cause dermatitis. Allergic con- 
tact dermatitis occurs on the parts of the skin that come in contact with the allergen. 
It is essentially a superficial eezematoid dermatitis and may be acute or chronic. 
Upon the original dermatitis there may be superimposed bacterial and fungous infec- 
tions and traumatic dermatitis from seratching; all of these may complicate the 
clinical picture, Allergic dermatitis cansed by the ingestion or inhalation of allergens 
is usually deeper seated than contact dermatitis and is often characteristic of the aller- 
gens; for example, certain drugs such as bromides, phenolphthalein, and Atabrine all 
give characteristic reactions, 


Tests to Determine Allergy 


The scratch test consists of seratching through tbe epithelial layer of the skin with 
a needle or knife, and rubbing the suspected allergen into the scratch. An erythema 
or wheal developing around the sevateh in 15 minutes to t hour denotes allergy to the 
suspected allergen, 

The inhalation test Casually made only if some part of the respiratory system is 
the shock organ) consists of placing a small amount of the suspected pollen in the 
nostrils. The symptoms of hay fever or bronchial asthma develop if the patient is 
allergic. | 
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The intradermal test consists of injecting a drop of the extract of the suspected 
allergen just below the epithelium. A wheal develops at the site in 8 to 30 minutes 
i£ the patient is allergic. 

The perculaneous test consists of rubbing into the skin an ointment containing the 
suspected allergen. An erythema developing at the site in 24 hours denotes allergy. 

Trial diets of the suspected allergens are used in cases of food allergy. 

Instillation into the conjunctival sac of a drop of the extract of the suspected allergen 
results in conjunctivitis if allergy is present. 

The patch test is used in suspected cases of allergic dermatitis. The suspected 
allergen is placed on a normal area of skin of the patient. Itis covered with an insu- 
lating material such as cellophane, sealed on with adhesive plaster, aud left on for 24 to 
72 hours. A dermatitis at the site denotes allergy. There are many modifications of 
the pateh test. ' 

The passive transfer tests have been described under the Prausnitz-Küstner reac- 
tion. 

‘Tests for allergy should be performed by skilled allergists, as they are sometimes 
accompanied by untoward reactions. 


Prevention 


Certain industries are particularly likely to expose workers to allergens. Such are 
the chemical industries in general. Chemists, chemical-laboratory workers, and 
chemical-plant workers are often affected with allergies to chemicals that they handle. 
Allergies to p-phenylenediamine, formaldelyyde, chromates, synthetic detergents, 
phenol, rubber accelerators, antioxiclants, photographic developers, and syuthetie dye 
intermediates are quite common, In particular, ihe manufacture of synthetic dyes, 
the dycing of fabrics and furs, the manufacture of synthetic resins, the use of “green” 
resins in the plywood and other laminating industries, the manufacture of pharma- 
ceutieals, the food-canning industry, the manufacture of explosives, and horticultural 
work are well known to cause allergic diseases. 

In factories where allergic diseases are occupational hazards and clsewhere where 
exposure to allergens is high, appropriate measures should be taken: (1) totally en- 
closed processes wherever possihle; (2) general ventilation of work rooms by means of 
intake and exhaust fans to remove allergens rapidly; (3) exhaust hoods over processes 
Prom which allergens are given off; (4) appropriate gas masks or respirators for workers 
who are exposed to allergenic gases, vapors, and dusts; (4) clean, impervious, protec- 
tive clothing, supplied to workers daily, to prevent contact with allergens; (6) suitable 
protective ointments to prevent skin contact with allergeus; (7) adequate showers and 
other washing facilities to remove allergens from the skin; (8) testing of the sensitiz- 
ing properties of manufactured products, especially cosmeties and wearing apparel, in 
order to prevent placing products on the market which may sensitize many of the 
users; (9) eradication of such well-known allergenic weeds as ragweed, goldenrod, 
marsh elder, poison ivy, poison oak, and poison sumac; (10) determination and 
publication of daily pollen counts by health departments; and (77) devices to filter 
pollen from the air before it enters a room, and the wearing of nasal filters for possible 
relief of those suffering from respiratory allergy. The theory that, in order to prevent 
transmission of allergies to offspring, allergic persons should not marry other allergic 
persons has not been substantiated. 
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Treatment 


Allergic manifestations, such as hay fever, bronchial asthma, urticaria, and 
pruritus, may sometimes he rapidly ameliorated by injections of epinephrine (Ad- 
renalin). Ephedrine und aminophylline, by mouth, aet more slowly. 

Hyposensitization is attempted by the administration every 3 to 7 days of ascend- 
ing doses of the allergen, beginning with doses so small as to cause only negligible reac- 
tions, until a cure is effected. The routes of administration may be epidermal, intra- 
cutaucous, intramuseular, oral, rectal, nasal, or conjunctival. 

Antihistamine drugs such as Benadryl, Pyribenzamine, and Anthallan, may be 
giveu by mouth to control and prevent symptoms, although they are not always 
effective. 

New workers developing allergic oceupational dermatitis a week or longer after 
beginning work will often get well while working. It seems that in the case of new 
workers hyposensitization is aehieved by continued occupational exposure. — Older 
workers who develop allergic oceupational dermatitis after several years of work 
should be removed from the occupational environment. 
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ALLITOL, CFGOH(CHOHR),CH30H. See Alcohols, higher polyhydrie. 
ALLOCRYPTOPINE, Ca H34NO;. See Alkaloids. 

ALLOLUPINANE, CH; NO. Sce Alkaloids. 

ALLOSE, CyH20s. See Carbohydrates; Sugars. 

ALLOYOHIMBINE, CoHegN2O3. See Alkaloids, 
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Theory, 556; Types, 560; Properties, 563; Treatment, 577. 

See also Bearing metals; Dental supplies; Equilibrium; Magnetism; Metallic state; 
Metallography; Metal treatment; and the individual metals, as, Aluminum and 
aluminum alloys; Copper alloys; ete. - 


The term alloy is defined by the American Society for Metals as “a mixture 
with metallic properties composed of bwo or more elements of which one at least is a 
metal.” The chemical elements comprising an alloy are called alloy elements. 

A very large proportion of the total value (Table I) of metals consumed by 
industry is in the form of alloys. Of the common metals in Table I, ouly copper and 
lead appear in the end product as the pure 1netal: copper for electrical purposes aud 
lead for chemical apparatus. Although some of the other metals are produced in 
pure form on a large scale, the pure metals are remelted to form alloys before they 
ure used industrially. The number of alloys that are on the market, or at least 


556 


ALLOYS 


TABLE I. Production of Common Metals in the United States 





during 1945. 











Quantity ine: Metal Quantity, Value, 
Mut deum | ques, Non Μαν ος | qnie 
Pig iron 53,300,000 1,172 Mercury 1,170 4 
Capper 783,000 185 Silver 970 21 
Aluminum 497,000 142 Gold | 31 33 
Zine 467,000 80 Platinum metals 1 2 
Lead 357,000 46 Molybdenum 16,300 23 
Magnesium 414,000 18 Tin“ — -- 
Cadmium 4,000 6 Nickel" 1,155 — 








a Clonsumrytion of nickel und tin i 





BODY-CENTERED 
CUBIC 


FACE-CENTERED 
CUBIC 


CLOSE-PACKED 
HEXAGONAL 
Fig. 1. the main crystal lattices of alloys. 

Fach cirele represents the center of an 
alom. The outer clectron shells of atoms in 
ihe crystal are in contact (1). 





Fig. 2. Photomicrograph (X66) of Muntz 
metal (60% Cu, 40% Zn) slowly cooled in the 
furnace from 856°C. 

The alloy consists of twa phases: 
alpha phase (dark) embedded ἴῃ hetn phase 
(light). 


rods af 


nthe United Stites vastly exceeded production. 


patented or trade-marked, can be estimated 
to bein the millions. Each alloy was de- 
veloped to meet the demands of a particular 
problem. In the past the development of 
alloys has been largely along empirical 
lines. In recent years, however, scientific 
methods have been uscd increasingly to ex- 
plore the possibilities of different alloy com- 
binations, These explorations have been 
guided by à number of principles that help 
guide the investigator away from unlikely 
combinations. It is the purpose of this 
article ta state these principles, as well as 
to discuss the principal ways in which alloy 
elements modify the properties of the pure 
inetals. Since the important properties of 
many alloys can be secured ouly through 
special treatments, the theory of these 
treatments also will be outlined. 


Theory of Alloys 


The theory of alloys is commonly re- 
garded from the atomic and the phase 
standpoints, From the atomie standpoint, 
the atoms in a solid metal or alloy are ar- 
ranged in a periodie manner in a crystal 
space lattice (Fig. 1). Besides differing in 
tho chemical elements of which they are 
composed, metals and alloys may differ also 
in the type of crystal structure which they 
exhibit, and in the distance between atom 
centers in the lattice. These differences 
among alloys are related hy modern theory 
to differences in properties, For example, 


face-centered cubic metals and alloys, such as copper auc silver, as a rule are more 
ductile but not so strong as are body-centered cubie metals, such as iron and tung- 
sten. Hexagonal and other noncubie alloys generally do not possess such good 
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malleability as do the eubie structures. — From the phase stundpoint, a solid metal 
or alloy may consist of one or more phases (Fig. 2), à phase in a. given alloy being a 
region having the same erystal structure, composition, and interatomic distances 
throughout. The composition and number of phases in most binary alloys of the 
common metals and some ternary and more complex systems of alloys have been 
determined, and can be read from equilibrium diagrams (also called phase or con- 
stitution diagrams), un example of which is shown in F igure 3. The distribution of 
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Fig. 3. Copper-zinc phase diagram (11). 


the phases in an alloy governs its properties to a large extent. In age-hardened 
alloys tt is the fine dispersion of a second phase through the alloy that accounts for 
its high strength. When the second phase is distributed as coarse particles by an- 
nealing, the strengthis not nearly so high. Sec also Crystals; Metallic state, Phase rude, 
Solubility. When different metals are alloyed together, they may dissolve com- 
pletely or partially, or may be practically insoluble. As shown in Figure 3, copper 
aud zinc are completely soluble in the liquid state, but are only partially soluble in 
the solid state. An alloy ol 10% Zn—90% Cu consists of a single phase, face-cen- 
tered, cubic, solid solution. Same of the copper atoms in the crystal structure are 
replaced or substituted at random by zinc atoms, This type of solid solution is 
called ‘substitutional.’ Practically all metallic solid solutions are of this type. 
There is another type of solid solution, called the "interstitial" typo, formed when 
atoms with small radii are accommodated in the interstices of the lattice of a metal. 
An important example of interstitial sold solution is austenite, the solid solution of 
arbon, a small atom, which just fits in the empty spaces of gamma iron, which is 
the high-temperature allotrope of iron. Tt is this solid solution that is the starting 
point of the complicated heat treatment of steel.. Iron and lead are insoluble in both 
liquid and solid states, yet free-machining leaded steels (0.2% Ph) are made by dis- 
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persing the lead through the molten steel while the ingot is being poured. The lead 
remains in suspension while the ingot is rapidly freezing, and the lead is present in 
the solid as particles of lead, aud not as a solid solution. 

There are a number of rules governing the extent of solid solubility of the sub- 
stitutional type: (1) Complete solid solubility is possible only if the components 
have the same crystal structure. An example of complete solubility is the system 
copper-uiekel, both metals being face-centered eubie. 1f one metal is euhie, the 
other hexagonal, it is obvious that there must be at least one cubie and one hexa- 
gonal phase in the system. (2) The greater the difference in atomic size (radius) 
(see Table I, also Hlements—periodic system) between the metals, the more limited 
is the solid solubility. No example of complete solid solubility is known in which 
the sizes differ by more than 15%. (8) Other factors heing equal, metals having the 
same valence in their usual compounds exhibit greater solid solubility than metals 
having different valences. Furthermore, a metal of lower valence tends to dissolve a 
metal of higher valence to a greater extent than vice versa. The greater the difference 
in atomic size and valence, the steeper is the solidus curve and the greater the freezing 
range; this is a disadvantage in the foundry. (4) The farther apart the metals in the 
electrochemical series, the less likely are they to form extensive solid solutions with 
each other. 

Compounds. Besides forming solid solutions with each other, metals also may 
react to form compounds, which can be of three general types: 

a. Valence Compounds. Jn these compounds the normal rules of valence are 
followed. Examples are T'e8n and MgsSi. 

b. Electron Compounds. Unlike other intermetallic compounds, which have 
very narrow ranges of homogeneity, electron compounds are phases with wide 
ranges of homogeneity, often as much as 10 or 20 atom per cent. For this reason 
they are often called intermediate phases rather than compounds. Their erystal 
structure is determined by the number of valence electrons in the alloying atoms, 
hence the name electron compound. "There are three electron-atom ratios—3:2 
(beta brass or beta manganese structure), 21:13 (gamma brass structure), and 7:4 
(epsilon brass hexagonal structure), at which electron compounds occur (1). Atleast 
twenty structurally analogous compounds are known at each ratio. Examples of 
the beta brass type are CuZn (beta brass), AuZn, AgZn, FeAl, NiAl, CoAl, CusAl, 
and Cun. In all these compounds, the electron-atom ratio is 3:2. Thus, the 
alloying valence of copper (number of valence electrons) in Table TI is 1; the 
valence of tin is 4; the total is 9 valence electrons in the formula Cun. Since 
there are 6 atoms in the formula Cu,Sn, the electron—atom ratio is 9:6 or 3:2, As 
shown in Figure 3, the zinc content of beta brass may vary from 38 to 55% zine by 
weight or atom.” l l 

c. Miscellaneous Compounds. Many intermetallie compounds do not fit in 
the above classifications. Among these are the extremely hard metallic carbides, 
nitrides, and borides, in which the small atoms of carbon, nitrogen, and boron fit 


* The following formula is used to change from weight per cent, Wu Wa, ete., to atom per cent, 
P,, Pa, ete., where Ai, As, ebc., are the corresponding atomic weights: 
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interstitially between the metal atoms in the structure. Examples are FoC 
(cementite, the extremely hard carbide responsible for the keen cutting edge of razor 
blades and tools) and WC (cemented with 13% eobalt to form the widely used, 
heavy-duty, tungsten carbide cutting tools). Interstitial solid solutions should not 
be confused with interstitial compounds. Cementite (PesC containing 6.67% 
carbon) is orthorhombic, the carbon atoms filling all the interstitial lattice positions, 
which are approximately at face centers and the centers of the edges. On the other 
hand, in ferrite (body-centered cubic) saturated with carbon (solubility, 0.08%), 
only a very few of these interstitial positions ave occupied. Likewise, in austenite 
(face-contered cubic solid solution of carbon in iron) saturated with carbon (solu- 
bility, 1.795 eurbon at 1130?C.), not all of the interstitial positions, of which there 
are four per unit cell, are filled. Both ferrite and austenite are called interstitial 
solid solutions, not, compounds, because the lattice types remain the same as those 
of the allotropes of iron and the carbon atoms are distributed at random. 

Order-Disorder. The chief difference between a soll solution and a com- 
pound is that, in the former, the atoms of the different metals are distributed at 
random ou the lattice points, whereas, in the compound, atoms of each kind oecupy 
assigned lattice points.. There is a class of solid solutions that change to com- 
pounds, called superlattice compounds, through a shift of the atoms from random 
to assigned places. These superlattices resemble ionic compounds, such as sodium 
chloride, in that electropositive and electronegative atoms occupy assigned positions 
on the lattices of both types of compound. Examples are dental alloys (predominantly 
CuAu), which are soft solid solutions when cooled rapidly but are hardened by super- 
lattice formation when eooled slowly. 


Types of Alloys 


Alloys are classified in four general ways according to metallurgical structure, 
principal metal, method of fabrication, and application. 

Metallurgical Structure. Alloys are somctimes classified according to whether 
they consist of a single phase or of two or more phases. For example, Monel metal 
(?/; Ni-1/; Cu), some brasses (as 70% Cu-30% Zu), and transformer iron (96% 
Fe-4% Si) are essentially single-phase alloys. Typical two-phase alloys are most 
annealed steels (phases are ferrite and carbide), Muntz metal (60% Cu -40% Zm), 
and 488 (95% Al-5% Si). The second phase (iron carbide, Fe;C) in the steels in- 
creases the strength, while the second phase in Muntz metal (beta brass) confers 
hot workability. The second phase in 438 is silicon itsclf, which serves to improve 
the fluidity and provide freedom from hot shortness (see below) in this casting 
and welding alloy. There is always the likelihoocl in a two-phase alloy that the 
second phase may cause hot shortness. In iron and nickel, sulfur, as the sulfide of 
the metal, must be taken into account as a second phase because the sulfide is prac- 
tically insoluble in the metal and exists as a eutectic of low melting point surrounding 
each grain as a thih film. — When the hot-short metal is heated for hot working, tho 
sulfide euteetie melts and the grains fall apart. To prevent hot shortness, manga- 
nese is added to both metals in sufficient amount to convert all sulfur to manganese 
sulfide, which has a very high melting point. Mild steel containing 0.04% sulfur is 
not considered an iron-sulfur alloy, for the sulfur is not desired. Likewise the 
addition of manganese to offset the effect of sulfur does not result in a “manganese 
alloy steel,” for the term is reserved for other steels containing larger amounts of 
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manganese which serve other purposes than merely putting the sulfur into an in- 
nocuous form. 

Principal Metal. Alloys are often classified according to the principal metal 
contained in the alloy. Thus, aluminum and magnesium alloys are characterized 
by low specific gravity, approximately 2.8 for aluminum alloys and 1.8 for mag- 
nesium alloys. Tor equal weights in a cross section, these alloys have strengths 
equivalent to stecl, and electrical conductivities equivalent to copper and its alloys. 
Iron alloys, called steels, have a groat variety of properties of which strength and 
toughness are paramount. Copper alloys are notable for corrosion resistance and 
for generally good lubricating qualities, Lead and tin alloys are used widely as 
bearings and solders, while unique combinations of corrosion resistance, heat: resist- 
ance, and strength are available in nickel alloys. 

Method of Fabrication. Different alloys often must be used for different types 
of fabrication. Alloys for casting in the foundry generally are different in com- 
position from alloys for wrought products. Among copper alloys, the casting alloys 
are entirely different from the wrought alloys. The most important casting alloys 
of copper contain approximately 5% each of tin, zinc, and lead to secure pressure 
tightness and easy machinability. The most important wrought copper alloys 
(brasses) contain from 5 to 40% of zinc alone, Among iron alloys, east steels are 
characterized by somewhat higher percentages of carbon, silicon, and manganese 
than would be necessary in wrought steel; these higher percentages are essential to 
secure sound castings. Cast iron with 3% earbon sacrifices strength and ductility 
for cheapness and machinability. Cast iron is strictly a casting alloy and can be 
wrought, only under very special conditions. Similarly, there is a sharp distinction 
between cast and wrought alloys of aluminum and magnesium. Tor magnesium 
and some other metals, there is a set of alloy compositions recommended for sheet 
products, another set of compositions for extruded shapes, and still another for forged 
articles. As a rule the range of properties available in wrought alloys of a given 
metal is much wider and higher than in cast alloys. 

Among cast and wrought alloys, there may be the additional distinction between 
alloys whose properties can be materially improved by heat treatment and those 
that are not susceptible to heat treatment. Most steels are heat-treatable, but 
only a few copper alloys are benefited by heat treatment, namely, copper—beryHium 
and some copper-aluminuin alloys. Some of the cast and wrought aluminum alloys 
(178), nickel alloys (I&-Monel), and magnesium alloys (3965 Al—- 195 Zn), also are 
intended to be heat-treated. Among the cast alloys of aluminum, there is a sharp 
distinction between those suitable for sand casting and those intended only for die 
casting. Alloys for die casting are confined principally to those containing zinc or 
aluminum as the principal metal. 

Of growing importance are the alloys that can be processed by the methods of 
powder metallurgy. Alloys that can be made in no other way can be produced by 
compressing and sintering metal powders or by hot pressing loosely compacted slugs, 
and the dimensions can be held to as close tolerances (22 0.001.1n.) a8 in die castings 
and in machined bar stuck. Dimensional tolerances for sand castings are 0.031 to 
0.063 in. per in.; for permanent mold castings, 0.005 in. per in.; for cold-headed 
parts, 0.002 in.; and for drop forgings, 0.005 to 0.010 m. Among alloy articles 
made in large quantities by powder metallurgy are self-lubricating, porous, bronze 
bearings (89% Cu, 9.75% Sn, 1.25% graphite), silver-timgsten electrical contacts, 
md Alnico magnets (2595 Ni, 1095 Al, 1095 Co, 5595 Fe). 
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Applications. Some alloys are designed for particular applications. For ex- 
ample, there is a group of alloys designed to have easy machinability. Some of these 
are: (1) steel containing 0.10-0.20% sulfur with or without 0.2% lead; (8) stain- 
less steel with 0.10% sulfur or selenium; (8) copper with 0.5% lead or tellurium; 
(4) brass with 2% lead; (5) aluminum alloys with lead and bismuth; for example, 
118, which contains 5.5% Cu, 0.5% Ph, and 0.5% Bi. 

There is a large group of alloys classified as stainless or corrosion-resisling (seo 
Corrosion and its prevention), tor example: (1) copper steel; mild stecl with 0.2% 
Cu, which resists industrial atmospheres twice as long as copper-free steel; (2) plain 
chromium stainless iron (12% Cr, 0.08% C); hardenable, for resistance to nitric 
acid; (8) cutlery stainless stecl (0.25-1.0% C, 13-17% Cr); hardenable, for valve 
parts; (4) high-chromium irou (16-18% Cr); nonhardenable, for resistance to nitric 
acid; (4) chromium-nickel steel 18-8 (0.07% C, 18% Cr, 8% Ni); austenitic, nou- 
magnetic, for high acid resistance; (6) Ni-Resist (2.9% Ο, 14% Ni, 6% Cu, 2% Cr, 
balanee Fe); for corrosion-resistant castings; (7) Alclad; ligh-strength aluminum 
alloy clad with pure aluminum, for high resistance to corrosion; (8) high-stlicon iron 
(0.8% C, 14.5% Si, balance Fe); brittle cast alloy for acid resistance, especially to 
sulfurie acid; (9) copper-silicon alloy (8% Si, balance Cu); for resistance to dilute 
sulfurie acid; (40) Monel metal (66% Ni, 34% Cu); for resistance Lo sea-water 
corrosion; (11) Hastelloy (80% Mo, 5% Fe, 65% Ni); for high resistance to hydro- 
ebloric and sulfuric acids. 

Another group of alloys are those intended for service at elevated temperatures. 
At temperatures of 900-1000°F. in high-pressure steain plauts, earbou-molybdenum 
steel (0.18% C, 0.5% Mo) is widely used on aceount of its high creep resistance. ΑΒ 
a rule, alloying elements with high melting points, such as molybdenum and tung- 
sten, may be expected to raise creep strength and high-temperature hardness. 
High-speed stecl (18% W, 4% C, 1% V, 0.70% C, balance Fe) and Stellite (45% 
Co, 832% Cr, 138% W, 2.5% C) are common machine-tool alloys and retain high hard- 
ness (over 450 Briuell) up to a red heat (600° and 700°C., respectively). Thus the 
stress required to produce a creep rate of 0.01% per 1000 hours in plain carbon steel 
is 2000 p.s.i., whereas, for curbon—inolybdenum stcel, the stress is 7000 p.si. The 
alloy steel is approximately 50% higher in price than unalloyed steel. By way of 
comparison, the K-42-B alloy (40-50% Ni, 20-80% Co, 1-4% Ti, 5-15% To, 15- 
30% Cr), reported hy the Westinghouse Laboratories, stretehed only 0.01% in 
6000 hours at 1000°F. under a stress ol 20,000 p.&i, The oxidation resistance of 
the earbon- molybdenum steel is no greater than the unalloyed steel. For increased 
resistance to oxidation in air, chromium, silicon, and aluminum may be alloyed with 
the steel. For intermediate oxidation resistance, 5% chromium is added to steel. 
l'or complete resistance to scaling up to 2000°F., 25% chromium iron or austenitic 
steels 25-12 and 25-20 are used (25% Cr with 12 or 20% Ni). Castings for high- 
temperature furnaces often are made of an alloy containing 15% Cr and 35% Ni. A 
working stress of 1500 p.s.i. is allowable for this alloy at 1600°T. Related to high- 
temperature alloys are the alloys for electric furnace resistors: Constantan (45% 
Ni, 55% Cu) (Fig. 4) is useful up to 1000°F.; Nichrome (60% Ni, 1395 Cr, balance 
Te), up to 1800°; Kanthal (25% Cr, 5% Al, 3% Co, balance Te), up to 2000°; 
and Sinithalloy No. 10 (87.5% Cr, 7% Al, balance Fe), still higher, 

Bearing metals (q.v.) constitute a separate class of alloys. There are several 
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types: tin-base (Babbitt), lead-base, cadmium-base, silver-base, and copper-hase. 
Babbitt: may have several compositions, 1 common analysis being 87% Sn, 6% Cu, 
and 7% Sb. The lead-base bearing inctals average 4% Sn, 9% Sb, balance Pb. 
The hardening compound in both lead-base and tin-base alloys is SnSb, which oceurs 
as cubes distributed throughout the soft matrix. Cadmium-nickel bearing metal 
contains 1.25 to 3% Cd, balance Ni, the compound NiCd, acting as a hardener. 
The silver-base bearing metal contains 4% lead and exhibits the lowest eocficient of 
friction against iron (0.3) of any combination of metals. Copper-base heavy-duty 
bearing metals generally are mixtures of copper with 10 to 30% lead, which furnishes 
the antifrictional qualities of the alloys. A typical composttion is 80% Cu, 10% Si, 
and 10% Pb. 

Alloys for valves in chemical equipment range through all the corrosion-resistant 
metals that have hecn mentioned, bronze (88% Cu, 10% Sn, 2% Zn) being common 
for mild service, while cast stainless steels are employed for severe service. Chisels 
are generally made of steel (0.8095 C) but copper-beryllium alloy (2.25% Be) is used 
for nonsparking applications. Springs can be made of a wide variety of wrought 
alloys; for example, stecl spring wire (0.70% C) may be hard-drawn or heal- 
treated. Copper-beryllium springs are hard-drawn and heat-treated. Phosphor 
bronze, Monel metal, and austenitic stainless steel springs are hard-drawn only. 

Permanent magnet alloys range from water-quenched 0.9% C steel, through oil- 
quenched 4% Cr steel and 6% W steel to cobalt magnet alloys containing 36% Co, 
5% Or, 4% W, 0.9% C, balance Ye, and the cast nonmachinable Alnico types analyz- 
ing approximately 20% Ni, 12% Al, 5% Co, balance Fe. Alloys used as laminated 
cores for transformers and iotors are called electrical sheet, contain 1 to 4% Si, 
balance Fe, and have very low hysteresis loss. An alloy with similar properties but 
with far higher permeability and energy loss at low flux densities is Hipernik (50% 
Fe, 5095 Ni). In order for both materials to have good properties they must be free 
from impurities. Hipernik is annealed in hydrogen at 1100°C. for eight hours before 
use to remove the lust 0.01% impurities, principally oxygen. Alloys with zero 
cocfficient of expansion. al room temperature are of the Invar type (86% Ni, balance 
Fe) In these alloys the normal thermal expansion on heating is exactly balanced 
hy contraction due to progressive loss of ferromagnetism. 

A fusible allay that melts iu hot water is Wood’s alloy containing 25% Ph, 50% 
Bi, 12.5% Su, 12.5% Cd (m.p. 68°C.). Solder (q.v.) for general application on steel, 
copper ancl its alloys, nickel, lead, and tin, contains tin and lead in the ratios 40-60 
tin to 60-40 lead. A common brazing alloy for steel, cast iron, and copper alloys is 
Tobin bronze (60% Cu, 40% Zn), Easy-Flo silver solder contains 50% Ag, 15.5% 
Cu, 16.5% Zn, 18% Cd and flows freely at 1175°F, United States silver coins con- 
tain 90% Ag, 10% Cu (sterling silver for jewelry contains 92.5% Ag, balance Cu) 
and “nickels” contain 75% Cu and 25% Ni. 


Properties of Alloys 


Alloying elements modify the properties of metals sometimes to a small extent, 
sometimes to a large extent, depending on the alloy combination and the particular 
property in question. In the following sections the properties of alloys will be con- 
sidered under three headings: physical, mechanical, and chemical. Mechanical 
properties are, for example, strength and ductility of an alloy, while physical proper- ` 
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ties embrace thermal, electrical, atomic, and other phenomena generally associated 


with physics. 


PHYSICAL PROPERTIES 


The fundamental physical property is the atomie strueture. 
of a lattice of ions (positive) bonded together by electrons (negative). 
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annealed copper-nickel alloys. 
The right-hand diagram illustrates the rise in resis- 
tivity and decrease in temperature coefficient on adding 
à soluble alloying element (8). 


A metal consists 
In a metal 


As they move through the lattice they are subjected to the 


periodically varying field of the 
ions. When the ions are unlike, 
as in a solid solution, the electrons 
have less freedom than in a pure 
metal. Asa result the thermal and 
electrical eonduetivities (Fig. 4) of 
a solid solution always are less 
than those of the pure metal. Mat- 
thiessen’s rule (Fig. 5) states that, 
as small amounts of an alloying 
element are added in solid solution 
toa metal, the increase in resistance 
is independent of temperature. In 
other words, just as raising the 
temperature increases atomic vi- 
bration and thus increases the re- 
sistance by increasing the prob- 
ability of a conduction electron 


being deflected from its path, in the same way the substitution of different kinds 
of atoms on the lattice points inereases the resistance. In accord with the lattice 
distortion idea, it is found that the residual resistance (at absolute zero) of a series 
of alloys of the same base metal and of equal atomic percentuge varies as the square 
of the difference in valence between solvent and solute. For mixtures of insoluble 
phases, the resistivity follows the law of mix- ` 


tures. Thermoelectric power is affected by Metal containing Un 

. . - another elernent in Pus -ψ 

alloying elements in the same general way ax solid solution = Ἂν" '. 
^ 


resistivity. 

The effect of alloying clements on crystal 
strueture has been described in the section on 
theory (page 556). In general, the lattice 
parameter and density are increased by a 
heavier metal in solid solution and decreased by 
a lighter metal. Owing to attraction between 
unlike atoms, the lattice is generally slightly 
move compressed in solid-solution alloys than 
the law of mixtures predicts. The added ele- 
ment in interstitial solid-solutions always ex- 
pands the lattice, the effect on density being 
slight. The density of an alloy cun De cal- 
culated closely from the densities òf the pure components, deviations being small 
even when intermediate phases are formed. The law of mixtures also applies to the 
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specific heat and the coefficient of thermal expansion. An exception is the iron- 
nickel system, Tu this system the coefficient at 20°C, falls from 14 5 10—5 per °C. 
for pure niekel £o nearly zero at 3695 nickel, rising again to 12 5 107% for iron. 
Specific heat in this series of alloys also varies in an irregular manner. 

Alloying elements have an imporlant effect on allotropie modifications of 
metals, particularly iron (Fig. 6) and manganese, Some alloying clements stabilize 
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Fig. 6. Types of phase diagrams of iron-rich alloys showing the effect of alloying elements on the 
allotropic transformations. 
al, a2 illustrate the gamma loop; that is, the alloying clement causes the gunma phase to dis- 
appear, In a8 and a4 the alloying clement, extends the temperature range in which the gamma phage 
is stable, (b) shows the correlation between atomie radius and atomie number with type of phase 
diugram given with iron (7). 


austenite, others cause it to disappear. The profound changes in mechanical prop- 
erties and crystal structure through heat treatment of alloys of iron with carbon 
aud nitrogen, ancl of manganese with copper, are described in the section on trest- 
ments (page 557). Tin pest is prevented by adding 10% lead, which appears to sup- 
press the allotropic change in tin. 

‘The melting point of a metal is converted into a range upon addition of an 
alloying element. The melting range may be higher or lower than the melting point 
(see Phase rule). The greater the difference in atomic radius or valence between 
the metals in an alloy system, the wider is the freezing range and the steeper is the 
solidus in general. Like the melting point, the boiling point is converted into a 
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range by addition of alloying elements. Thus, the vapor pressure of brass at a given 
temperature is lower than that of gine, aud is contributed by copper atoms as well as 
zinc. In the absence of compounds, the heat of mixing of liquid alloys is small, 
sometimes positive, sometimes negative. When stable compounds are formed, 
however, the heat of mixing is positive and may be large. For example, when 
selenium is added to liquid magnesium there is likely to be an explosion, Large 
heats of mixing arc observed with magnesium and bismuth, niekel and beryllium, 
and the heat of solution of ferrosilicon in liquid steel is utilized to maintain steel at a 
high temperature m ladles. 


TABLE III. Shrinkage of Lead~Tin Alloys. 





Shrinke [| ar cent b volume 
Alloy rinkage, per e y voh 





mE Solidification 7 Solidus to 20°C. 
Lead ` 3.8 2.7 
Tin 3.0 1.5 
Lead-tin (50:50) 2.2 1.2 





The important physical properties of liquid alloys are those that control the 
production of sound castings, Of these the first is shrinkage froin liquid to solidus 
and from solidus to room temperature. The sum of the two is called “pattern- 
makers shrinkage.” 

The American Society for Metals quotes !/s in. per ft. (8.095 by vol.) as the putternmaker's 
shrinkage for gray cust iron and ?/1 to !/4 in. per It. (4 to 095 by vol.) for white east iron. The carbon 
in white east, iron ia combined 25 eeinentite (Fe;C), whereas in gray east iron the carbon is present 
mainly as graphite. "The solidifiention shrinkage varies from a negative value (expansion due to 
graphite formation) in soft gray cast. iron, to 295 by volume in a gray iron containing 0.9% carbon 
combined as cementite, to 4-5.5% by volume in white cust iron with 8% combined carbon. The 
patternmaker’s shrinkuge varies in east bronzes from 0.15 in. per ft. for 88% Cu-10% Sn-2% Zn 
alloy, to 0.219 in. per ft. for 90% Cu-10% Al alloy and manganese bronze (58% Cu, 38% Zn, 3% 
Mn, 1% Fe), to 0.25 in. per ft. for 55% Cu-46% Nialloy. For aluminum alloys, the patternmaker’s 
shrinkage is 0.004-0.007 in. per ft. for chill castings made in metal molds (permanent mold castings) 
and is 0.156 in. per ft. for sand castings irrespective of composition (up to 10% Mg, up to 13% Si, 
up to 10% Cu). The solidification shrinkage of zine-base die castings (Zn containing 4% Al, 0.05% 
Mg, with or without up to 2.5% Cu) is 0.14-0.15 in. per ft. (8% by vol.), and of east magnesium alloys 
is 0.125-0.156 in. per ft. | 


The second important physical property of liquid alloys is fluidity, which is 
considerably affected by alloying elements. Fluidity is a complex property involv- 
ing surface tension, viscosity, gas content, oxide films on the surface of the metal, 
inchisions, and type of crystallization. Alloys having a short melting range or none 
at all (eutectic alloys) exhibit better ‘‘castability” or mold-filling capacity than alloys 
freezing over a wide range of temperature. The gradual formation of crystals in the 
latter type restricts fluid action. There is a danger of cracking in casting alloys 
containing only a small quantity of cutectic, for it surrounds the frozen grains with 
a thin film af liquid. The stresses in the freezing metal tend to pull apart the grains, 
causing intergranular cracks, Vor this reason aluminum silicon alloys, in which the 
eutectic is at 13% Si, have excellent casting properties from 5 to 18% Si, but are 
never used for castings in the range 1 to 1.5% Si. 
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MECITANICAL PROPERTIES 

1. Theory. The mechanical properties express the capacity of alloys to resist 
permanent change of shape (elastic or yield strength), to deform under higher loads, 
and ultimately to fracture (duetility and maximum stress). 

a. Elastic Properties, Metal crystals are strong; they support considerable 
load without deforming appreciably. Liquids will support loads too—for example 
iron will float on mereury—but not without large-scale displacement. When load 
is placed on a crystal, the atoms move closer together in the direction of the load, 
and spread apart at right angles to the load. The movement of the atoms at first 
is extremely small. In accordance with Hooke’s law, whieh states that strain is 
proportional to stress, a 1-in. cube of tool steel will be compressed only 0.001 in. hy a 
load of 30,000 b. since Young's modulus or modulus of elasticity for stecl = 30,000,000 
padi. = stress/strain. The lateral dimensions of the cube will increase 0.0003 in. 
(Puisson’s ratio, ratio of lateral expansion to longitudinal contvaction, = 1/4 to 1/3 for 
most metals and alloys). When the load is removed, the cube recovers its initial di- 
mensions. For this reason crystals are said to be elastic, A metal recovers its original 
shape when a load below its elastic limit is removed, for 
the reason that atoms of a metal below the freezing point 
ar boiling point interact so as to be neither closer together 
not farther apart than a critical distance related to the 
lattice spacing. Two metal atoms in a erystal are at- 
tracted toward cach other by à gravitational or field effect 
(two masses uttract each other). But when the electron  ynstressep — sup — RUPTURE 
shells of the two atoms interpenetrate, the positive nuclei Figure 7. 
of the atoms exert a repulsive force. The equilibrium 
between the attractive and repulsive forces (interatomic bonds) establishes the dis- 
tance between atoms. When we apply a load to a metal, we are disturbing the 
equilibrium between the interatomic forces and there is an ensuing adjustment of inter- 
atomic spacing. 

Deformation. The clastic behavior of a metal crystal is terminated by a 
process known as slip in which the planes of atoms of which metals are composed 
move parallel to each other (iu Figure 7 the erystal in the center has adjusted itself 
to lond through slip and straiu hardening on one plane, and the crystal on the right 
has fractured under the load without deformation). The families of planes most 
exposed to failure or slip are the planes that are farthest apart, and hence contain the 
densest population of atoms. The slip plane for all face-centered cubic metals and 
alloys that have been studied at room temperature is the (111) plane (body-diagonal 
plane) and slip is in the (101) direction (face diagonal). The average distance of 
slip on a given plane is very approximately 1000 atom diameters. Slip occurs when 
the load has been increased to such an extent that the atoms no longer can behave 
elastically; in other words, the elastic limit has been exceeded. Slip is permanent 
deformation. When the load is removed, the erystal will be found to have changed 
in shape. The plane upon which slip has occurred can be seen easily by examining 
the erystals. The deformation of a crystal always is absorbed by a large number of 
slip planes, which are separated from each other by, very approximately, 2000 atom 
diameters. 

Slip occurs on the first plane because there are deviations from the ideal lattice 
structure in every crystal. The deviations seem to be associated with impurities, 
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After the atoms on a slip plane have been moved simultaneously across the potential 
barrier because of atoms in the adjacent plane, the erystal has been permanently de- 
formed. During the movement of planes of atoms over cach other there are other 
obscure occurrences, perhaps local bending of the planes whith lock the planes 
together and force them out of action, The load on the erystal must be inercased 
to cause slip to occur on another plane. 

The increase in load required to bring successive slip planes into action is the 
origin of work hardening or strain hardening—the hardeuing of a metal when it is 
cold-worked. Deformation may continue on existing slip planes or on new ones, 
depending upon whether much strain hardening occurs, Eventually so many planes 
of the erystal have undergone slip, with attendant disturbance in the vicinity of 
every slip plane, that capacity for slip is exhausted and rupture ensues upon further 
increasing the load. Strain hardening decreases as the temperature is raised. 

The shear stress (resolved on the plane of slip) required to initiate slip in single 
crystals of pure metals is surprisingly low, varying from 100 to 1000 p.s.L, with 
little dependence on temperature except for a slow decrease with rising temperature 
and a sudden drop at the melting point. Alloying elements in solid solution raise 
the shear stress for slip, while tuscluble alloying clemcuts exerl little influence, 
For example, the slip stress in single crystals of aluminum is 700 p.s.i.; the corre- 
sponding value for annealed single crystals of alaminum-5% copper alloy (solid 
solution) is 2700 p.s.i. und increases to 13,000 p.s.i. upon aging. 

The values for slip or yield strength of single metal crystals are far below the 
yield values for the polycrystalline metals and alloys of commerce. Our construc- 
tional alloys consist of variously oriented crystals or grains in contact, At the grain 
boundary there is a region of compromise and imperfection, perhaps ten atom 
diameters wide, between the crystal lattices of the adjoining grains. The grain 
boundary regions interfere with slip and account for the higher yield values of poly- 
erystalline materials compared with single crystals. The smaller the grain size, the 
higher are the yield strength and hardness. The old belief that the grains are 
cemented together with amorphous metal is uo longer held. 

In crystals that have undergone considerable deformation, large-scale bands 
called deformation bands may be observed. These bands represent regions of the 
erystal that have deformed along different sets of slip planes aud hence have bulged 
or contracted to different extents in the plane under observation, 

Some crystals, particularly bismuth and antimony, do not deform by slip but 
rather by twinning (see Crystals), which occurs when the orientation of one region is 
changed with reference to the remainder of the crystal. Armco iron deforms by 
twinning (mechanical twinning) when subjected to sharp blows at room temperature. 
‘Twins occur in most face-centered cubie metals and alloys us a result of hot forging or 
of annealing cold-worked material (annealing twins), Figure 8 illustrates the 
appearance under tlie microscope of annealing twins in polished and etched sections 
of most face-centered cubic metals and alloys, such as nickel, copper, silver, alpha 
brass, phosphor bronze, and austenite. A few face-centered cubic metals, such as 
aluminuin, do not exhibit twins. Tin cry is the sound created by the moving atoms 
in the crystals undergoing twinning when a rod of tin is bent. All in all, there are 
three manifestations of deformation in metal erystals below the recrystallization 
temperature: (1) the slip line, which is exceedingly narrow, (2) the deformation 
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band, which is a portion of a grain in which slip has occurred. on a different set of 
planes from the remainder of the grain, and (3) the twin. 

Ductility is one of the outstanding properties of metals and alloys, which they 
possess to widely varying degrees. Tor example, gray cast iron has practically no 
ductility while single erystals of aluminum and zine have been extended over 500% 
þefore fracture. | 

c. Fracture. Metals break apart in two ways: by brittle fraeture and by 
duetile tracture. Fracture has the same meaning as rupture, and both signify 
separation of a metal into two or more parts under stress. As stress is applied to a 
metal it behaves at first ian clastic manner; that is, the atoms retain their positions 
but move very slightly apart in the direction of teusion and very slightly together 
in the direction of compression. After the clastic limit is passed blocks of atoms slip 
along slip planes, producing the same effect as cold working and permitting the 





Ç 
UNTWINNED TWINNED INTERGRANULAR BRITTLE DUCTILE 
GRAINS GRAINS FRACTURE TRANSGRANULAR —— TRANSGRANULAR 
OR CLEAVAGE FRACTURE 
FRACTURE 
Figure 8. Fig. 9. Three types of tension fracture at high 
magnification. 


metal to withstaud higherstresses.  Slipinvolves yielding and deformation; in other 
words, a metal whose crystals can slip a great deal is ductile. But if the planes of a 
crystal for some reason cannot slip, the planes of atoms, instead of slipping over cach 
other, move farther and farther apart. The distance that planes of atoms can move 
apart before they lose coherence is extremely small. Consequently, when the small 
allowable distance is exceeded, the metal has fractured in a brittle manner because 
the deformation has been scarcely measurable. Ductile fractures have a different 
appearance from brittle fractures. Ductile fractures have a silky appearance sug- 
gestive of the two surfaces of the fracture having rubbed (slipped) on each other. 
Often a fracture has both ductile and brittle portions, the brittle portion generally 
being at the center of the fracture where the crystals have been most constrained by 
surrounding metal. An example of this type of fracture is the cup and cone fracture 
of soft steels in tension. σον 

Figure 9 illustrates three types of tension fracture at high magnification. The 
left-hand diagram shows intergranular fracture caused, for example, by breaking 
steel at 600°C., or by caustic embrittlement of stecl, or by season cracking of brass 
at room temperature, There is rarely any deformation in intergranular fractures of 
steel or brass at room temperature, but at temperatures above recrystallization in 
ductile alloys there is deformation. Yet, the fracture is intergranular and the 
grains have recrystallized. The center diagram shows brittle transgranular or 
cleavage fracture, which is typical of quenched tool steel at room temperature. 
There has been practically no deformation of the grains. The right-hand diagram 
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shows ductile transgranular fracture below the temperatare of reerystallization, 
The grains have undergone a great deal of deformation. 

2. Mechanical Tests. 

a, Strength. Under steady load, called a static load, metal deforms in accord- 
ance with Hooke's law (strain is proportioual to stress) up to the elastic limit, The 
following are Lhe more important terms used: 

Sunuss—-Load divided lay original cross-sectional aren, p.8., 

Srram--Change in dimensions per wit dimension; for example, inches per inch, or per cent in a 
stated length, usually in 2 or 8 in. 

Lassie Lintr—-The greatest slress that the steel can withstand without exhibiting permanent de- 
formation when the stress is released. 

Στη sprenura-—Beyond the elastic limit, metal undergoes permanent strain, When the permanent 
strainreaches 0.2% (= 0.002 in, per it of length for steel, aluminum, and magnesium alloys) or 0.35% 
(far copper alloys iid malleable vast iron), the yield strength is said to be reached, These arbitrary 
limits of permanent strain are readily measured, but the yield strength has little physical significance. 
he term yield point relates to the stress at which there is a sudden increase of strain as the load is in- 
creased beyoud Che elastic limit. The determination af the yield point requires only observation 
of the load indies tor or beam of the testing machine, or the use of a pair of dividers. The determina- 
tion of the yield strength, on Lhe other hand, usually requires recording stress-strain apparatus, 
TTRANSILE STRENGTH—The maximum Lensile xlress, computed on the ariginal cross section, which the 
metal can withstand. 

b. Duetility. The amount of permanent deformation that a metal undergoes 
during the static tensile test, which usually is made on cylindrical specimens having 
at effective length of 2 or 8 in. and 0.505 or 0.800 in. diameter, is the measure of 
ductility. Usually only the elongation of the fractured specimen is measured, but 
the reduction ol area ut the necked section may be determined too: 


Erongarion—The two parts of the broken specimen are fitted together, The distance between two 
punch marks, initially 2 or 8 in. apart, is measured. The ratio of increase in length divided by the 
initial length is expressed as a percentage of the initial length, A ductile low-carbon stecl may have 
3075 elongation 1n 2 in., for iustanec. 

Repuction ofp ARBA—<As in the determination of elongation, the decrease in crogs-seetional area, com- 
puted [rom change in diameter, is expressed asa percentage of the original cross-sectional area, For 
example, duetile mild steel might exhibit 50%% reduction of area, A quality factor used to some 
extent in the automotive industry is P — (T -- 6/0)/5, where T is tensile strength, in 1000 p.s.i,, and 
Ris percentage reduction of areca, A value for P of 100 or more is considered favorable, 








c. Bend Ductility. After the specimen is bent to a specified extent, such as 
180°, the elongation of the tension (outer) surface is measured in the same way as 
elongation in the tension test. 


d. Hardness. 


GBRINELL WARDNESs—is determined by applying «load of 500 or 3000 kg, for 30 seconds on a hard stecl 
ball 10 mm. in diameter resting on the smooth surface of the stcel to be tested. The diameter of the 
impression 1s me:sured, and from this the Brinell number is determined by means of a chart. 

VICKERS HARDNESS—similar to Brinell exeopt tiit à, diamond pyramid is used instead of a ball, 
ROCKWELL HnARDNESS--is proportional to the depth of the indentation produced by a hard steel ball 
1/y -in. diameter under a load of 100 kg. (B scale), or by a diamond cone under a load of 150 kg. (C 
seale). | 

ScRATCH HARDNESs—tesistance to seratching instead of indentation (rarely used). 


€. Notch Impact Value. Fracture under heavy loads often originates in 
service at the base of a sharp fillet or notch. The resistance of steel to the start and 
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propagation of a crack at the base of a standardized noteh is measured by the amount 
of energy absorbed by the specimen as it fractures ander a hammer blow delivered 
by a standard pendulum. The notch impaet value is expressed in foot-pounds (Izod 
or Charpy, depending on the type of system) and is a measure of notch brittleness or, 
conversely, noteb toughness. The stress at the base of a noteh is higher than that 
calculated with the aid of design formulas. For example, the stress at the base of a 
notch may be two or three times the stress expected from design calculation (10). 
Tn this instance the stress concentration factor of the notel is 2 or 3. The precise 
value depends on the shape of the notch; the sharper the notch, the higher the stress 
concentration. The notch impact specimen is struck by a moving pendulum for the 
sake of simplicity. About the same energy would be absorbed in rupturing the 
notched specimnen if the load were applied 


20 
slowly. Diamond pyramid hardness 


f. Fatigue Strength. The highest 
stress that can be resisted by a metal 
without failure decreases with increase in 
the number of times the stress is repeated. 
The fatigue strength is the maximum 
stress so determined for a stated number 
of repetitions; for example, two million. 
As the number of repetitions of stress is 
increased, the decrease in fatigue strength 
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ten million cyeles for polished steel in air Fig. 10. Increase in hardness of copper pro- 
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e hundred million cycles for mi- ; ; 
or five hundred m 1 cycles for alumi alloying elements (2). 


num alloys, the fatigue strength no longer 
decreases. The endurance limit of polished steel is 40 to 60% of its tensile strength. 

3. Effect of Alloying Elements on Mechanical Properties. Alloying elements 
do not change the fundamental mechanism of deformation. But if new phases 
occur, these may be brittle or ductile depending on their inherent properties. Alloy- 
ing elements in solid solution raise yield and tensile strength. 


For example, the yield strength (0.5% offset) of annealed copper varies from practically zero to 
12,000 p.s.i. depending on grain size and accuracy of strain measurements, Addition of tin pro- 
gressively up to 10% raises the yield strength to 80,000 p.s.i. The tensile strength rises frum 32,000 
to 60,000 p.&i. "he corresponding tensile strength for shoet reduced 87% in thickness hy cold rolling 
(called hard temper) are 55,000 p.s.i, for pure copper and 115,000 p.s.i. for the 10% tin alloy. Not 
only has alloying incrensed the strength, but it has also increased the rate of strain hardening, The 
tensile strengths of a 10% Zn — 0097, Cu alloy in the soft and hard conditions are only 37,000 and 67,000 
psi, respectively. These data show that for equal weight percentages, tin has more hardening 
effect than zine in copper solid solutions, On an atomic basis the difference is still greater, for 10% by 
weight corresponds approximately to 10 atom per cent zine and only 5 atom per cent tin, These 
differences in solid solution hardening effects of elements in copper are illustrated in Figure 10. It 
becomes clear that, the greater Lhe change in lattice parameter induced by tbe alloying element, the 
greater is the hardening effect and the greater is the hardening caused by a given amount of strain. 
Similar comparisons can be made for the alloying clements in copper and for other base metals, sueh as 
aluminum uud iron, No general formulas have been evolved for calculating hardening effects. 
Whereas strain hardening always lowers the ductility, the hardening effect of alloying elements may be 
accompanied by an inercase in ductility. 

The mechanical properties of alloys vary widely with tho temperature of testing. As the 
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temperature 15 lowered, the yield und tensile strengths and hardness increase, For example, Monel 
metal (68% Ni, 20% Cu), which at 20°C, has yield and tensile strengths of 45,000 and 92,000 p.s.i., 
has 71,000 and 136,000 psi. respectively al —200°C, The clougation increases from 46 to 5407, in 2 
in. Similar behavior is exhibited by other nickel and copper alloys aud aluminum alloys. Steels 
likewise exhibit higher strength al low temperatures, but in some stecls the ductility falls to zero or 
low values at, — 100°C, and lower, For example, snnealed mild steel, whieh hus 52,000 p.s.i. tensile 
strength and 250 elongation at 20°C., has 117,000 poi. feusile strength aud zore elongation at 
—250°. The hardness inereases from 104 to 232 Hrinoll. Likewise, austenitic munginese steel 
(1.355 C, 1395 Mn), which has 4545 elongation at 20°C), falls ta 2.5% elongation at 180°, Ou the 
other hand, oil-quenched and drawn alloy steel (0.3367, C, 0.6705 Cr, 2.45% Ni, 0.64% Mo), which 
has 152,000 p.s.i. tensile streuglh aud 14% elongation at 20°C, las 201,500 p.s.i. and 17% elongation 
-at —180°. Austenitic stainless steel (18% Cr, 8% Ni) develops 180,000 p.si. tensile strength with 
257, elongation at —250°C. compared with 117,000 psi. and 56% wt 25°. The low-temperature 
brittleness of some steels is most clearly demonstrated by the noteh impact test. In this test, some 
coarse-grained mild steels may exhibit. brittleness at O°C. and lower while being tough at +20°. 
At elevated temperatures, tho trend in mechanical properties is towards lower strength and 
higher duetility. There are some exceptions to this rule, Many steels and niekel alloys show a 
region of reduced duetility in the temperature range 200-800°C, For example, the following short- 
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time tensile test results were obtained with an alloy containing 62%, Ni, 16% Cr, 28% Fe: 


Temperature uf test, OC. Tensile strength, p.s.i Blungntion, per eet in 2 in. 
QD ee ee 105,000 eee eee 30 
GOO. cece eee e AB ONO... cc eee eee eee 14 
1000 ων ee ee ees ΤΌθθ...νννονννννννννννννν έν ννν 45 


More important than short-timo test results for designing structures for high- 
temperature service are the results of creep tests. Creep is defined as a continuing 
slow change in the deformation of a body under load. The rate of deformation is 
slower than in slip, and uo slip lines are visible. Creep is observable in some alloys, 
such as lead and tin alloys, at room temperature. In stecl and nickel alloys creep 
docs not become measurable below about 300°C. In copper alloys creep is measur- 
able at 150°C. When load is placed on a structure at a temperature above that at 
which creep becomes measurable, the structure at. first deforms fairly rapidly. ΑΒ 
deformation progresses, the creep rate decelerates. Eventually the creep rate be- 
comes constant. Beyond a critical valuc of deformation the eross section may be so 
redueed by creep that the stress created by the constant load reaches higher values. 
The rate of deformation then may inerease until fracture occurs. Creep results are 
expressed as a stress above which an assigned creep rate at a given temperature will 
be exceeded. For a creep rate of 1% in 100,000 hours at 1000°F., a rate satisfactory 
for turbine applications, austenitic stainless steel (18% Cr, 8% Ni) will withstand 
11,500 p.s.L, whereas mild steel will withstand only 2200 p.s.i. Although coarse- 
grained steels have better creep resistance than fine-graincd steels, the reverse is true 
for copper alloys. 

Wear resistance is a mechanical property of metals and alloys about which there 
are very few generalizations. Wear is a chief factor influencing, among many other 
parts, the life of: (1) bearings in which wear is influenced by fluctuating loads on 
the shaft, by temperature, and by possible chemical action of lubricants; (2) gear 
teeth; (8) cngine cylinder walls; and (4) valve parts. The alloys used for bearings 
frequently are Babbitts, lead and tin-base alloys, whose low melting point and soft- 
ness permit casy renewal of and ready accommodation to irregularities in the surface 
of theshaft. Itis claimed that their structure, consisting of hard intermetallic com- 
pounds such as Sn8b and CuSn embedded iu a soft matrix, favors retention of a film 
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of lubricant over the surface. — For gear teeth, hardened steels are commonly used to 
resist the high local stress recurring at the line contact of teeth. Engine cylinder 
walls frequently are made of plain cast iron, in which the graphite serves to retain 
lubricant ancl prevent scoring caused by metal-to-metal contact with the piston 
rings. Valve seats and pluugers for high-pressure steam frequently are made of 
nitrided Nitratloy or are made of steel hard-faced with stellite to attain high hardness 
(1100 and 500 Brinell, respectively) and high resistance to corrosion. Once corro- 
sion attacks a valve seat, the steam blows by and “wiredraws’’ deep grooves in the 
seat. 

In eoncluding the discussion of mechanical properties, two facts should be 
borne in mind. First, the mechanical properties may be influenced by defects, such 
as hlowholes, slag inclusions, welding stresses, and, in the case of fatigue, surface 
finish. Second, the propertics of many alloys depend on their treatment. For in- 
stance, the properties of gray vast iron vary over a wide range depending on graphite 
size, shape, and distribution, Some alloying elements exhibit the same outstanding 
characteristic when added to most other metals. Thus, beryllium, lithium, alumi- 
num, and magnesium lower the specific gravity of most metals. Aluminum, when 
alloyed with copper, nickel, and iron, forms à tough skin on the molten metal, which 
must be counteracted by special casting procedures. Cadmium and zine tend to 
vaporize fron their alloys with metals of higher melting point. The vaporization of 
zinc from molten brass is hindered very largely by a zinc oxide film of special erystal 
structure, which wets the molten metal. 


CHEMICAL PROPERTIES 


From the standpoint ol allays, the most important chemieal property is corro- 
sion resistance.  Corrosiou (g.v.) may be defined as deterioration by chemical or 
electrochemical action. Although a large proportion of our common alloys have 
been developed for the purpose of providing increased corrosion resistance, the 
conditions under which corrosion may be encountered, such as the nature of the 
corroding ageut and corrosion product, temperature, condition of the surface, and 
access of air, are so numerous and complicated that gencrulizations are difficult to. 
draw. Cold working generally increases the electrode potential of an alloy and 
increases corrosion in hydrogen-evolving acids. 

Single crystals of metals and alloys corrode at different rates along the different 
lattice planes, as shown by the geometrical shape of etch pits. When an alloying 
element is added in solid solution, the interatomic attraction between the unlike 
atoms is greater than between the like atoms. The work of removing atoms from 
the lattice (work of corrosion), therefore, is increased. However, other factors in 
corrosion usually outweigh this consideration. In some series of solid solutions, 
such as capper-gold and silver-gold, a sudden complete absence of corrosion hy 
anodic treatment in nitrate solution is found when the gold content is raised to 50 
atom per eent. At this percentage, which is known as the “parting limit,” the gold 
atoms at the surface are sufficient to sereen the silver atoms from corrosion. At 
lower gold contents only silver is dissolved from the alloy. If the alloying clement 
forms a second phase, acid corrosion usually is stimulated. The two phases act as 
cathode and anode to form an electrolytic cell with the corroding liquid. The finer 
the state of subdivision of the second phase, the greater is the phase contact arca 
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and the Faster the corrosion, unless the fine particles of second phase are too small to 
function electrochemically. Tu oxidizing acids passivity may he favored by a second 
phase through its action in coneentrating electrochemical currents on the remaining 
phase. 

A comparison oi gray cast iron and pure iron in normal hydrochloric and nitric 
ucids illustrates the effect of an oxidizing environment on the corrosion behavior of a 
second phase, in this case graphite. In normal hydrochloric acid, the hycvogen evolu- 
tion was 0.15 cu.cm. per min. per sq.em. from cast iron and 0.002 [rom pure iron. 
Tn normal nitric acid at 16°C., the cast iron lost 22 and the pure iron 84 grams per hour 
from plates 15 centimeters square. If corrosion is governed by aeration, the small- 
seale phase effect may have no influence. These considerations are illustrated by the 
action of impurities in lead for chambers. Impurities in solid solution may help form 
the protective sulfate film; for example 0.1% platinum. Otherwise the impurities in 
solid solution increase corrosion. Tmpurities soluble in lead that form a eutectic, 
for example silver, cause rapid intergranular failure, All alloying constituents in 
aluminwn, except manganese, chromium, magnesium, and antimony, accelerate cor- 
rosion by interrupting the oxide film and functioning as cathodes. Commercial alumi- 
num with 0.5°% silicon is more acid-resistant if quenched to hold the silicon in solid 
solution than if slowly cooled to allow the silicon to separate as a second phase. In 
ordinary service the effect is not observed. Intermetallic phases or compounds may 
have better or worse corrosion resistance than the component metals. Many com- 
pounds of stable metals disintegrate in humid conditions; for example, Mg.Pb, which 
is the basis of duck alloy, a bird shot that, when eaten by ducks, disintegrates in the 
stomach and causes no injury. 

Besides acting as a cathode, a second phase may increase corrosion through the 
susceptibility of the phase boundary to anodic attack. The intergramuar precipitation 
of chromium carbide, Grid, in 18% Cr-8% Ni austenitic steel (0.07 to 0.12%, C), 
which occurs on heating the quenched alloy to 450-850°C., depletes the adjacent solid 
solution of chromium. As a result the alloy is readily corroded along the grain bounda- 
ries hy reagents such as 10% HNO;-3% HF solution at 160°F. Addition of colum- 
bium (10 & % C) or titanium (6 X % C) to the stecl forms the respective carbides, 
which ave stable at all temperatures. Since no chromium carbide can be formed, in- 
tergranular corrosion is prevented. Under some conditions (ethyl chloride and water), 
the steel will fail by intergranular cracking under tensile stress even in the correctly 
quenched condition. Other alloys that are subject to intergranular corrosion through 
precipitation of a second phase at the grain boundaries by improper heat treatment 
are 90% Al-10% Meg alloy, Duralumin (CuAk precipitate), and some gold alloys 
containing zinc. 

While many preeipitation-hardening alloys, sucli as copper-2.597 beryllium alloy, 
dos not exhibit intevgranular sensitivity when improperly heat-treated, some alloys 
free from precipitation effects fail by intergranular corrosion in weak corroding agents. 
An example is the season cracking of brass containing 60-80% Cu, remainder Zn. 
Under tensile stress, external due to load, or residual due to manufacturing processes 
(cold working), the brass eracks and splits along the grain boundaries under the action 
of ammonia, mereury, or sulfur dioxide. The remedy [or brass containing residual 
stress is to reduce the stresses to a safe value by heating to 200-250°C., which lowers 
internal stresses without softening. Season cracking should not be confused with 
fire cracking, which occurs especially in coldsvorked nickel silver when heated too 
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rapidly during annealing or machining. No corroding agent is involved in fire crack- 
ing, the remedy for which is stress relief treatment ut 250°C. 

In nonoxidizing environments impurities greatly increase corrosion, particularly 
of zinc and magnesium. Spectroscopically pure zine and magnesium exhibit only a 
small fraction of the loss of the commercial metals in acids. Che vole of an impurity 
may be reversed depending upon whether it is present in the pure or the commercial 
metal. Thus cadmium inereases the corrosion of high-purity zine in 206% sulfuric acid 
but reduces the corrosion of less pure zine by counterbalancing the cathodic impurities. 
The impurity most damaging to the corrosion resistance of steel is sulfur. Ordinarily, 
the higher the sulfur content, the greater is the corrosion. However, the distribution of 
the sulfide (MnS) in the steel is important. Tf the sulfide inclusions extend to the sur- 
faece, corrosion is likely to be severe in their vicinity. In rimmed steel sheets, however, 
the surface consists of nearly pure iron [ree from sulfur, which is confined to the central 
two-thirds of the cross section. Variations in sulfur content in rimmed steel sheets, 
therefore, may have no elfect on corrosion. Copper in steel to the extent of 0.20 to 
0.50975 doubles the life of the steel in industrial atmospheres but not in soil. The 
copper seems to stabilize the sulfur ut the surface a8 euprous sulfide (Cus) and to pro- 
mote the formation of tightly adherent and protective mst. While copper lowers the 
corrosion of steel, it increases the corrosion of aluminum. he value of wrought iron 
in resisting corrosion is related to the elongated inclusions of slag, which constitutes 2 
to 395 hy weight of the metal. The inehtsious divert corrosion pits transverse to the 
surface, this delaying perforation, The popular belief that ancient iron contained some 
element that conferred unusual corrosion resistauce has not been substantiated. 
An iron made in A.D. 256 was tested and found to corrode tu the same extent as modern 
iron. 

The atmospheric corrosion resistance of many nonferrous metals and alloys 
has been evaluated by the American Society for Testing Materials. The materials 
ost resistant to industrial atmospheres were lead and its alloys, (iu, aluminum 
bronze, copper and high-copper alloys, 28 (commercial aluminum), 38 (1.56% Mn), 
and Alclad aluminum alloys. Least resistant were gine alloys, nickel, aud 178 
aluminum alloy (495 Cu); 70-30 brags and Monel metal had intermediate resist- 
ance. In marine atmospheres, lead and its alloys, nickel, Monel, and copper-rich 
alloys were best. The brasses, 88, and Alelad aluminum alloys were somewhat 
better than zine, tin, manganese bronze, 28, 178, aud 528 alloys, which were least 
resistant. Allin all, corrosion was greater im Industrial than in marine atmospheres. 
Arsenical copper (0.8% As) has better atmospheric corrosion resistance than pure 
copper because the corrosion product on the former is less hygroscopic. 

Arsenic is commonly added to brass for condenser tubes to prevent dezincifica- 
tion. This phenomenon, which is found iu brass containing less than 80% copper, 
results in the formation of porous plugs of copper in the tube undergoing corrosion. 
These plugs usually formed by redeposition, that is, both copper and zinc atoms are 
dissolved, the copper salt at once reacting to form copper and zinc salt. In some 
conditions only the zine atoms of the alloy dissolve. Dezincification 1s reduced by 
antimony, arsenic, and to some extent by tin (1%). Dezincifieation occurs only at 
slow spced of circulation. When circulation is rapid, air bubbles entrapped in the 
water impinge on the tube, removing the protective film, and giving rise to corrosion. 
Impingement attack is prevented by adding aluminum to the alloy (76% Cu, 22% 
Zn, 2% Al). The aluminum forms a film that is not broken by air-bubble impiuge- 
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ment. Impingement by water droplets in steam turbines aud by sand grains in 
pumps of dredges represents mechanical abrasion combined with corrosion. Hard 
facing with Stellite often is the remedy. 

When different. alloys ure joined together in a structure there is likelihood of 
contact corrosion. The alloy having the higher electrochemical potential will bear 
the brunt of the corrosion. An example is provided by solders for aluminum. 
Lead-tin solders would be desirable for they spread corrosion uniformly over the 
aluminum. Since they will not bond with aluminum, high-zine alloys sometimes 
are used, As a result, under corrosive conditions in water the entire attack is 
localized on the solder, Anothor type of coutact corrosion is that which occurs in 
crevices ot cavities. Oxygen is less quickly replenished at the crevice than else- 
where; the crevice becomes anodic and is the seat of rapid attack. 

Corrosion affects mechanical properties. Uniform corrosion thins the cross 
section, reducing the safe load that the structure can withstand. Pitting corrosion 
perforates the metal without having so great an overall effect on strength. The 
value of tellurium lead (0.05% Cu, 0.05% Te) for pipes and cable sheaths lies in the 
fact that, unlike unalloyed lead, it does not recrystallize and become coarse-grained 
when bent. Heuce, the fissuring of coarse-grained areas caused by vibration is not 
observed, nor is the erevice corrosion that is associated with fissuriug observed. 

The fatigue strength particularly is affected by corrosion, as shown in Table IV. 


TABLE IV. Corrosion Fatigue Endurance Limits for Fifty Million Cycles at 1800 Cycles per Minute. 


"Tensile strength, Endurance limit in 





Material psi. brackish ri ver water, 
Ni-Cr steel (0.28% C, 1.595 Ni, 0.75% Cr) 140,000 14,000 
Stainless steel (0.11% C, 13% Cr) 90,000 29,000 
Annealed Monel metal 80,000 28,000 





The stress breaks the protective film and pitting commences. Once the pits start, 
they act as stress-concentrating notches, which propagate through the cross section. 
Nitrided steel is noted for unusually high corrosion fatigue strength in many 
mediums. 

The corrosion resistance of most metals and alloys is determined by surface 
films. ‘Thus, an oxide film accounts for the passivity of iron in concentrated nitric 
acid. Chromium-nickel stainless stecls (18% Cr, 8% Ni) depend for their high 
corrosion resistance on a film 10 to 160 A. thick, which forms in air, These invisible 
films may contain as much as 90% chromic oxide, Cros, the balance being ferric 
oxide, Fe;O,, and nickel oxide, NiO. As the temperature is raised, the thickness of 
the film increases, yielding interference tints, until it becomes an opaque scale or 
powder. 

The resistance of metals to oxidation depends on the nature of the scale pro- 
duced. Iniron-aluminum alloys there is a progressive decrease in oxidation loss at: 
900°C. as aluminum is added until the loss becomes practically zero for 8.5% 
aluminum. ' Up to 695 aluminum, the scale is black iron oxide; beyond 10% 
wuminum, the seale is white and adherent; between 6 and 10% aluminum, white and 
black areas appear on the surface, Alloys of iron with chromium and silicon show | 
similar behavior. In eopper-zine alloys up to 14% zine, the scale at high tempera- 
tures contains the same proportions of copper and zine asin the alloy, and the rate of 
oxidation is the same as for copper. Beyond 20% zine, the scale is zinc oxide (ZnO), 
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and the rate of oxidation is only a [fraction of that for copper aud is independent of 
ane content. Although the scale formed above 400°C. in 70-30 brass is zinc oxide, 
the film formed wt 100° is copper oxide. The tarnish resistance of silver and copper 
has been greatly increased hy alloying with small queutities of aluminuin and 
beryllium. The copper-aluminum alloy is selectively oxidized at 800°C. in a 
hydrogen atmosphere containing water vapor at 0.l mm. mercury partial pressure. 
This treatment forms a film of pure aluminum oxide (ALO), which prevents clis- 
coloration during subsequent heating in air. When iron-eopper alloys (0.20 to 1.097 
Cu) are oxidized at 700-1200°C., the copper is found concentrated in the inner layer 
of seale next to the metal, showing that during oxidation at high temperatures iron 
diffuses outwards through the scale while oxygen is diffusing inwards. If the tempera- 
ture is above the melting point of copper, the steel will exhibit hot shortness owing to 
intererystalline penetration of liquid copper into the stressed steel. If one of the 
alloying elements in an alloy is sensitive to one of the constituents of the gas, there 
may be rapid attack. Thus, 18-8 stainless steel is not recommended for resisting oxidu- 
tion in atmospheres rich in sulfur, because nickel reacts rapidly. 

Many alloys when oxidized develop a subscale. Diffusion of oxygen into the 
metal oxidizes the alloying constituents to form solid or liquid oxide particles. 
Ternary alloys may show two subscales, the outer containing oxides of both métals, 
the inner containing the oxide of the more oxidizable clement. Copper alloys with 
easily reducible oxides may become embrittled by hydrogen annealing following 
heating in air for welding or brazing, [or example. The hydrogen reduces the oxides, 
leaving voids that embrittle the alloys. Steel also may be embrittled by hydrogen 
in a similar way al elevated temperatures. l 


Treatment of Alloys 


In the process of manufaeture from component metals to finished produet, 
alloys undergo some or all of the following treatinents: (1) meltmg—alloy com- 
ponents, hardeners, deoxidizers, inoculation, modification, superheating; (2) cast- 
ing—ingots for wrought products, sand castings made in dry or green (wet) sand 
molds, permanent mold castings made by gravity or centrifugally in metal molds, 
die castings made under pressure in metal molds; (9) sintering (powdered metals); 
(4) hot. working—forging, rolling, extrusion; (4) cold working—rolliug, drawing, 
pressing; (6) surface treatment—diffusion, cladding, plating, dipping, hard facing, 
spraying, anodizing; (7) joining—welding, brazing, soldering, riveting; (8) machin- 
ing; (9) heat treatment—annealing (recovery, recrystallization, grain growth), 
precipitation hardening (solution and precipitation treatments), martensite harden- 
ing (quenching and tempering). (See also Metal surface treatment.) 

Melting. The components of an alloy are readily computed from the virgin, 
secondary, or scrap metals at hand. If the alloying clement oxidizes readily, some 
excess may be added; the addition may be delayed until shortly before the melt is 
poured. Load, aluminum, and magnesium alloys are melted in iron pots; bronze 
in graphite crucibles; and nickel and steel in refractory-lined furnaces. Mag- 
nesium alloys are melted with flux, which surrounds the entire melt. Deoxidizers, 
such as phosphor copper, ferrosilicon, and aluminum, may he added to tin bronzes 
(not to brass), steel, and nickel. Magnesium alloys may be superheated to 750— 
900°C., or stirred vigorously before casting to avoid coarse-grained castings. 
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Ordinarily, high strength in east iron is achieved by alloying, but superheating the 
melt before easting dissolves graphite nuclei and refines the staucture, A special 
melting procedure, known as “modification,” is used for aluminum ~ 138% silicon 
alloys. Shortly before casting, 0.1% sodium is added (or reduced from sodium 
fluoride flux); the solidified alloy retains 0.015% sodium, which refines the entectic 
structure to a marked degree, the effect being similar to that of rapid ehilling 
(undereooling). Modification improves the castability and also the mechanical 
properties, for the large, brittle crystals of silicon in the unmodified alloy are re- 
placed by tiny crystals surrounded by ductile solid solution. Rapid chilling of 
molten iron—carbon alloys likewise causes undercooling. On solidification a meta- 
stable system is formed, hard, brittle iron carbide (FoC) replacing the stable gra- 
phite. "Phe grain size of a chill casting is generally very fino. 

Casting. Alloys for subsequent hot working sre cast in ingot molds, Alumi- 
num alloy ingots are continuously cast and eut to billet lenglh. Solidification of an 
alloy in an ingot or other mold gives rise to segregation, of which two types are 
recognized: (a) In gravity segregation there is a large difference in density between 
the melt aud tho first crystals to freeze, whieh thereupon rise or fallin the melt. Au 
example is the lead-base bearing alloy containing 1095 Su, 1595 Sb. Light crystals 
of the eompound SuSh are first to form during freezing and may rise to the top of the 
casting. This is prevented by adding 1% copper or arsenic. In normal segregation 
the alloyiug element is concentrated towards the center, while in inverse segregation 
the outer layers contain the highest proportion of alloying elements. Since in most 
commercial alloys the initial crystallite is leaner in alloy than the liquid, the liquid 
tends to become richer in alloying clement as freezing progresses towards the center 
of the casting, In inverse segregation tlie residual alloy-rielh liquid at the center of 
the casting is oreed by evolution of dissolved gas through fissures in the casting to 
the surface, leading to exudations or “tin sweat” on bronze castings. Slow freezing 
reduces normal and inverse segregation, but accentuates gravity segregation. 
(b) Small-senle segregation, called coring, occurs within individual grains of solid- 
solution alloys, purticularly cast tin-bronzes. The alloy content of each grain in- 
creases from center to circumference as a result af normal differential solidification 
accompanied by the relative slowness of diffusion in the grains. In some alloys a 
second phase may appear due to coring although the phase rule would predict only 
a single phase in the alloy at equilibrium. 

Castings are made by gravity in sand or metal molds. Cast iron and bronze 
are cast in green saad molds, but magnesium alloys require dry sand owing to reac- 
tion of molten magnesium with water. Centrifugal force is utilized in casting into 
spinning steel molds. Pressure is used to force liquid alloys into die-casting molds. 

Sintering is used to hond metal powders after they have been pressed ta shape. 
Powdered metal parts are made of alloys in two ways. Hither an alloy powder or 
a mixture of powders of the component metals may be used. During sintering, 
diffusion homogenizes the mixture of powders so that. the finished product of either 
process is uniform iu composition. For example, in the production of sintered 
Alnieo magnets the pressed mixture of ivon, nickel, and aluminum powders is siu- 
tered close to the alloy’s melting point to secure thorough diffusion. 

Hot Working. Hot rolling is used for plates, rods, and structural shapes. Hot 
forging is used for complicated shapes. Extrusion is used for aluminum, magnesium, 
and copper alloys for rods and structural shapes. Owing to brittleness or presence of 
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low-melting phases, some alloys eannot be hot-worked. The lower limiting tem- 
perature for hot working is the recrystallization temperature or somewhat higher. 
The top hot-working temperature is usually somewhat below the solidus. Some 
alloys have temperature ranges in which they ave brittle and should not be hot- 
forged. Thus, Monel metal should not be hot-worked in the range 650-870°C. 

Cold Working. Cold working is performed below the reerystallization tenipera- 
ture. Itstrengthens the metal. The other reason for cold working is convenience; 
it is practically impossible to hot-work thin metal in such operations as wire drawing 
and foil rolling. Cold working alone is sufficient to cause phase transformation in 
some alloys; for example, the strain transformation of beta brass to heta prime 
brass, and the strain precipitation of some supersaturated tin-antimony bearing 
metals. 

Surface Treatments. Among the numerous surface treatments for metals are 
those which produce an alloy on the surface by diffusion. Chief among these proe- 
esses is carburizing, in whieh low-carbon stecl is heated to about 900°C. in a earbur- 
izing medium (methane gas, liquid cyanides, or solid activated chareoal) to raise the 
rhon coutent of the surface. The carburized part is later quenched and tempered 
to produce a high-tensile case on a low-teusile but ductile core. Nitriding is a simi- 
lar process utilizing a Nitralloy steel (0.30% C, 1.3% Cr, 1.3% Al, 0.20% Mo) and a 
30% partially dissociated ammonia atmosphere for 48 to 96 hours at 550°C. The 
aluminum nitride (AIN) raises the hardness (precipitation hardening) to over 1000 
Brinell. Other diffusion treatments for mild and other steels are calordzing, chromiz- 
ing, and siliconizing, which produce layers about 0.04 in. deep containing 25% Al, 
20% Cr, and 14% Si, respectively. Calorized parts are intended for service at high 
temperatures (up to 1500°L.) in atmospheres containing sulfur, Chromized and 
siliconized (Ihrigized) parts likewise are intended for applications requiring heat ancl 
corrosion resistance. 

There is a wide variety of composite alloys consisting of two different alloys 
bonded together by a combination of rolling and pressure welding. Examples are 
stainless-elad, nickel-clad, and Monel-clad mild steel in which 10 or 20% of the 
thickness of the plate is stainless steel (18-8) or nickel or Monel, the remainder 
being mild steel. Clad steels reducc the amount of expensive alloy required for 
pressure vessels containing corrosive materials. Precipitation-hardeued aluminum 
alloys similarly may be elad with pure aluminum (Alclad), thus combining the high 
strength of the alloy with the high corrosion resistance of pure aluminum. Layers 
of low-melting netals such ag tin, zinc, and lead alloys (tinning, galvanizing, ancl 
Lohmanizing, respectively) are applied by dipping the steel in the molten metal. 
Complicated shapes are coated with other alloys by wet clectroplating or by spraying 
with molten metal. Wet methods (anodizing) also are used to produce protective 
coatings of nonmetallic substances, such as oxides, on aluminum and magnesium 
alloys. The application of alloys locally with the welding torch or are, known as 
facing or hard facing, is becoming increasingly prominent. Worn parts can be 
built wp with a variety of alloys varying in hardness from soft brass to the hardest 
tool steel, and varying in composition from silver to stainless steel. 

Joining. The assembly of machines, tanks, pressure vessels, and other struc- 
tures is accomplished largely by fusion welding, in which metals are welded together 
by bringing them to the molten state at the surfaces to be joined, with or without the 
addition of filler metal. In brazing, according to the American Welding Society, the 
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filler metal is a nonferrous metal or alloy whose melting poiut is higher than 1000°F. 
but lower than that of the metals or alloys to be joined. A common brazing rod 
for torch brazing with flux is Tobin bronze (60% Cu, 39% Zn, 1% Sn). Furnace 
brazing in a hydrogen atmosphere often utilizes copper wire without flux to make the 
Joint. Silver solders are brazing alloys requiring (lus, of which a common example is 
Tasy-Flo (50% Ag, 15.5% Cu, 16.5% Zu, 18% Cd) flowing ab 1175°R. Furnace or 
induction heating can be used instead of a torch. 

Heat Treatment. There are three general types of heat treatment applied to 
alloys to change their properties. First, there is the heat treatment called anneal- 
ing, which softens the alloy after cold working. Annealing is a broad term assigned 
to many other processes besides softening after cold work. The second type of heat 
treatment is precipitation hardening. The heat treatments applied to alloys, such 
as steel and aluminum bronze, 
that undergo a phase change 

that ean be suppressed by rapid 

Emgan T cooling constitute the third 
type. Inaddition to these, there 

are many other heat treatments 

Grainsize for specifie purposes, such as the 

΄ coloring of alloys, the removal of 

Electrode potential i guses therefrom, the homogeni- 
/ zation of ingots and castings 

LU made of alloys with a pronounced 
Ζ΄ tendeney to small-seale segrega- 
C Düren ne width tion, and the malleabilizing 
----------------- - ud (graphitization of iron carbide) 
of white cast iron to form malle- 
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Fig, 11. Schematic diagram illustrating ihe changes in able cast iron, . 4 
properties on reheating a cold-worked alloy. a. Annealing. The struc- 


ture of cald-worked alloys con- 
sists of grains with numbers of lattice planes upon which slip has occurred, Twins 
and deformation bands also may be present, along with residual stress. The in- 
dividual disturbances to the geometrical regularity of the lattice probably are 
highly localized in regions invoiving only ten atoms or so. Cold working has in- 
creased tensile strength, hardness, diffraction line width, electric résistivity, Go- 
efficient of expansion, and electrode potential, hut has decreased ductility, cold 
workability, density, and resistance to notches. When the temperature of the alloy 
is raised, all properties tend to return to normal values, but not at the same rate nor 
in a uniform mamer (Fig. 11). From the standpoint of grain strueture three tem- 
perature zones are distinguished: (27) Recovery. In this range of temperature, 
there is no visible indication of new, unstrained crystals, but there may þe con- 
siderable reduction in internal stress, and changes in physical properties. Pro- 
longed heating in the recovery range may change behavior during subsequent 
reerystallization. (2) Reerystallization. In this range, nuclei of new crystals appear 
in the alloy and absorb the distorted cold-worked grains. Recrystallization is ac- 
companied by an abrupt drop in strength and an abrupt increase in ductility and 
sharpness of x-ray diffraction lines. (8) Growth.  Reerystallization is completed 
when all distorted grains have Deen replaced by new grains. ` Further rise in tem- 
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perature causes growth of the new grains, that is, absorption of some new grains 
by others. 

The changes in grain structure and mechanical properties of cold-worked alloys 
by heating are very important. In the production of cups from sheet by cold 
pressing, for imstance, there is a limit to the depth of cup that can be produced with- 
out cracking. When the limit is approached, the cup is annealed (reerystallized) 
and further iuerease in depth of eup can then be accomplished by another press 
operation. Jn this way (alternate cold working and annealing) alloys ure fabricated 
into a wide variety of products. 

The selection of the proper time and temperature of annealing is complicated 
by a number of factors. If maximum cold workability is desired, high annealing 
temperatures are used with attendant coarse-grain size and mottled orange-peel 
effect at bends in the subsequently cold-warked product. But, if a smooth surface 
is caseutial after (he final cold-working operation before buffing, the preceding 
anneal should be at a low temperature to secure fine-grain sige with lowered work- 
hardening capacity. The temperature at which reerystallization occurs is nob a 
constant for a given alloy but depends on many factors. The longer the time of 
heating, the greater the amount of coll working, and the finer the initial grain size, 
the lower is the temperature at which recrystallization occurs, 

Alloying elements affect reerystallization and grain growth in two ways. 
Alloying elements in solid solution raise the temperature of recrystalligation but 
have little effect, on grain growth. Generally the presence of small amonnts of a 
piven clement in an alloy is as effective as large amounts in raising the reerystalliza- 
tion temperature (Table V), The strengthening effect of the alloying element may 
explain its effect in reducing the rate of growth of nuclei in reerystalization, Alloy- 
ing elements preseut às & second. phase may raise tlie reerystallization temperature, 
but have a more pronounced effect in restraining grain growth. Thus, 0.25% 
ehromium in 7% aluminum bronze increases the softening temperature from 500 to 
700°C. and limits the average grain diameter af, 700° to 0.01 mim., the corresponding 
chroinium-free alloy having a grain diameter over 0.1 mm. at this temperature. 


TABLE V. Approximate Temperatures at Which Different Cold-Worked Metals Recrystallize. 


Aloa 150°C, (approximate minimum). 
Cu. cece 0 200°C, (1 br. at temperature), 4 to 6 Brown & Sharp gage numbers reduction; 


that is, 40 to 50% reduction in thickness. As low as 100?C. for high degrees of 
deformation and long annealing times. 
Cut 0.05% Ag... .850°C., 4 ta 6 B. & S. No. reduction; pure silver recrystallizes at 1'70-200°. 


Cu + 20° Zn..... 230 ?C. (1 hr. at temperature), 4 B. & S. No. reduction. 

Cu 4- 8375 Zn. .... 230°C. (zine reerystallizes at room temperature). 

Cu 4 1595 Ni...... 550"C, 5 B. & S. No. reduetion. — 
Fe.......,.....,,.600°C. for 10% deformation; 450°C. for 60% deformation. 
Ph............,+..Below room temperature. 

1 ων 600°C. 

Ni + 30% Cu 


(Monel metal). ..May start as low as 425°C.; vequires 650° for softening; higher temperatures 
we used in practice. 


Pb eee eee 450°C, 
BM. ee eee Below room temperature. 
Ν,.νννννννννννννν 1200°C. 


b. Precipitation hardening is a heat treatment that inereases the strength of 
an alloy by virtue of the appearance and growth of a second phase in & super- 
saturated solid solution. The second phase owes its appearance to a sloping solid 
solubility saturation curve (Fig. 12), When the 4% copper alloy is slowly cooled 
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from 520°C. erystals of theta phase appear when the temperature falls below the 
süturation curve. During continued slow cooling to room temperature, the theta 
erystals increase in size and ihe copper content of the solid solution decreases. 
Upon rapid cooling from 520°, no precipitation of theta phase occurs, and a super- 
saturated solid solution is retained at room temperature. During the passage of 
time at room temperature, nuclei of theta phase appear in the alloy. These nuclei 
of precipitate then grow to give rise to precipitation hardening or age hardening, as 
it is often called. Raising the temperature increases the rate of growth or coales- 
cence of the second phase. In many alloys no precipitation oceurs at room tempera- 
ture and it is necessary to couduct precipitation (or artificial aging) at an elevated 
temperature, The lower the temperature of precipitation for a given alloy, the 
larger is the number of particles of second phase and the smaller their size, for the 
second phase draws its supply of alloying element. by diffusion from its immediate 
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Fig. 12. Phase diagram of aluminum-rich ajuminum-copper alloys. 
"Phe inset. diagram is the Iow-eopper end of the diagram to a large 
seale and illustrates the conditions for age hardening (8). 


vicinity and diffusiou rates decrease exponentially as the temperature is lowered. 
In detail precipitation may involve some or all of the following processes depending 
ou the alloy and its treatmeut. First, statistical fluctuations of composition in the 
saturated solid solution supply groups of atoms in the correct position to form 
nuclei. These groups assemble themselves as thin plates of different and unstable 
crystal structure along some lattiee plane of the solid solution favorable to their 
formation. The severe strains induced by tliis action (similar to the strain created 
by cold working) account for the strengthening effect of precipitation. The plates 
grow until, upon reaching a critieal size, they lose coherence with the solid solution 
and transform to the crystal structure of the stable phase. Precipitation may be 
continuous aloug the favorable planes throughout all parts of every crystal or may 
be discontinuous, occurring only at or in the immediate vicinity of grain boundaries. 
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Precipitation may or may not give rise to important changes in physical properties. 

The practice of precipitation hardening involves two treatments: (1) A solu- 
tion treatment of sufficient duration to dissolve the second phase, followed by rapid 
cooling to room temperature to retain a supersaturated solid solution. This is called 
the “solution treatment.” (2) A precipitation treatment. If the precipitation is 
allowed to proceed at room temperature, the treatment is called aging. If the alloy 
must be reheated to an elevated temperature, it is called "precipitation treatment? 
or "artificial aging." 

There are optimum combinations of time and temperature of precipitation for 
each alloy to develop maximum properties. Too low a temperature does not permit 
sufficient precipitate to form, while too high temperature permits coalescence to 
proceed (oo far. Similar considerations apply to the time of treatment. Tor these 
reasons lower temperatures and longer times of treatment may be required For thick 
parts than for thin. 

There are a number of widely used alloys that depend upon precipitation for 
their valuable properties. Vor example, the aluminum - 497 copper alloy known as 
178, and used in aircraft construction, requires a solution. treatment for 10 to 60 
minutes in & molten nitrate hath at 930-950?F., followed by quenching in water. 
The tensile streugth and duetility are 30,000 p.s.i. and 2095 elongation in 2 in., 
respectively. Upon aging four days at room temperature, the properties rise to 
60,000 p.s.i. and 2097. 

Beryllium copper (2~2.25% Be), used particularly for springs, diaphragms, and 
gears, is solution heat-treated at 775-800°C. (0.5 to 3 hours) followed by a water 
quench. In this condition the yield point (0.75% set), elongation, and conductivity 
are 31,000 p.s.i., 4595 iu Z in., and 17% of pure copper, respectively. The precipita- 
tion treatment at 250-825 °C. changes these properties to 134,000 p.s.i., 6% iu 2 in., 
and 25% of copper. 

A well-known nickel alloy having pronounced precipitation-hardening charac- 
teristics is K-Monel (66% Ni, 20% ον, 2.75% Al), which has found wide use in 
pump rods and springs. Hot-rolled rods average 100,000 p.s.i. tensile strength after 
solution treatment, and 150,000 p.s.i. with 25% elongation in 2 in, after precipitation 
iweatment at 600°C. In this as in other wrought alloys, cold working preceding 
precipitation treatinent still further raises the strength. The corrosion resistance of 
K-Monel is generally comparable with Monel. 

ο. Martensite hardening, unlike precipitation hardening, is not associated 
with a sloping solubility curve. Instead, it is based on the suppression of a eutec- 
toid phase transformation by cooling (usually very rapid cooling, called quenching) 
and the formation of a hard, unstable phase. The heat treatment of steel is based 
on martensite, which is the hard, unstable phase resulting from the quenching of 
austenite (solid solution of carbon in face-centered cubic iron) from temperatures 
above the iron ~iron carbide eutectoid at 720°C, Generally, quenching is followed 
by tempering at 200 to 600°C. to regain varying amounts of toughness and ductility 
at the expense of hardness and strength. Details of the heat treatments of steel will 
be found in the article on Steel. Although there are probably many similar in- 
stances of martensite hardening in systems other than iron-earbon (for example, 
iron-nitrogen cutectoid and the beta phases of 8n-Cd, Cu-Sn, and Cu-Zn systems), 
the only commercial alloys susceptible to martensite hardening in the same way as 
steel are the copper-aluminum alloys containing 9 to 11% aluminum. These cast 
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and wrought alloys are quenched in water from 850°C., followed by tempering at 
400° for hardness or at, 600° for good combinations of strength and toughness. 
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G. E. CLAUSSEN 


ALLULOSE, CyeHnOs. See Carbohydrates; Molasses; Sugars. 


ALLYL ALCOHOL 


Allyl alcohol (from Latin alium, gaxlie; 2-propen-1-ol (I.U.C.), propenol-8, vinyl- 
sarbinol), CHe: CHCH,OH, formula weight 58.078, is a colorless, mobile liquid of 
pungent odor. It is employed chiefly as a chemical intermediate, especially in the 
resin and fine-chemical fields. It was first prepared in 1857 by Cahours and. Hof- 
mann from allyl iodide, which was derived from glycerol by treatment with phos- 
phorus iodide. , 


Properties 


΄ 


Physical. (a) Pure Allyl Alcohol. Β.ρ., 90.00, 96.98°C.; forms a glass when 
cooled to very low temperatures; critical temperature, 271.9?C.; d?, 0.8520; 
dy’, 0.8476; cho, 0.8535; Ib. per U.S. gal. at 20°C. 7.10, at 25°C. 7.06; ni, 1.4133; 
np, 1.4111; vapor pressure, log Pam = 32.62580 — 3451.8/7' — 7.04975 log T, 
where T = 273.15 + K°C.); specific heat of vapor, 0.2982. — 0.00041371 (1 in ?F.), 
0.3114. — 0.00074471 (Lin ?C.), 0.58 at 20? C.; specifia heat of liquid, 0.005 (average 
over range 20.5 to 95.5? C.). 











τη ος, D. min, He σπα ^C. P, mm. Hg i ἐν ος. [| P, mm. Hg 
0 4.2 30 32.4 70 257.2 
10 8.8 | 40 57.9 80 394.3 
20 17.8 50 08.8 90 580.0 
25 23.8 60 162.8 


100 850.3 


Source: reference (4), 
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Latent heat of vaporization al 760 mm, 9550 eal./mole (295 B.t.u./Ib. at 760 mn.), 

(b) Aqueous Solutions of Allyl Alcohol. Allyl alcohol is completely miscible 
with water at room temperature. The constant-boiling mixture with water, boiling 
at 88,89°C. and coutaining 72.3% allyl 
























































alcohol by weight, is the most concentrated 100 

solution that can be recovered by dis- 2 [ 

tillation of more dilute aqueous solutions. 7 + 
Anhydrous allyl alcohol can be recovered |; os LA. \ 

from the constant-boiling mixture by ὃς ος 

azeotropic distillation with benzene or Βα]. |o 

allyl ether. Figure 1 gives the vapor and Š 93 

liquid composition of mixtures of allyl ᾱ ορ 

aleohol and water at the boiling point, 91 | toh 1 
under a pressure of one atmosphere. The 90 

above-mentioned ternary agzeotropes have 89 | 

the properties showu in Table I. For 88 

other binary and ternary azeotropes sce 9.10 205040 50 60 70 80 90 100 


ALLYL ALCOHOL, weight per cent 


reference (4). Limits of i: ditvi Fig. 1. Allyl alcohol and water: vapor and 
Chemical. Limits of flammability in liquid composition at the boiling point and a 


air at 100°C., in per cent of allyl aleohol: — pressure of one atmosphere (4). 

lower limit, 2.50; upper limit, 18.00. 

Flash point: open eup, 90°F. (82°C,); closed eup, 72°F. (22°C). Autoignition 

temperature in air, 443?C.; heat of combustion, vapor, 442.4 kg.-cal./gram-mole. 
Allyl aleohol forms a wide variety of compounds by addition to the olefinic 


TABLE I. Properties of Ternary Azeotropes. 



































Azeotrope 
Properties = - r = -— 
ΝΟΥ Denzene Water i 
B.p. 08.2°C. (1 atm.) 
Composition iin weight per cent) 9.1 33.6 7.3 
Composition of layers (88°C.) Ν 
Upper (91.725) 8.6 90.9 0.0 
Lower (8.8%) 15.6 i 0.1 84 3 p 
Properties also i e Water 
B.p. 77.8?C. (1 atm.) 
Composition (in weight per cent) 8.7 78.9 12.4 
Composition of layers (40 *C.) . 
Upper (87.9%) 8.3 89.9 1.8 
Lower (12.197 10.8 0.5 88.7 





Source: reference (4). 


bond, as well as ethers, esters, acetals, and other characteristic derivatives of alco- 
hols; furthermore, many products are known that bave resulted from reaction of 
both the olefinic bond and the alcohol group, either simultaneously or in successive 
operations. The reactivity of allyl alcohol.as an alcohol in replacement reactions is 
considerably greater than that of the saturated primary alcohols, and in many in- 
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stances its reactivity as an olefin is also greater than that of simple olefins, although 
the reverse is sometimes the case. 
The following types of reactions have been reported: 


Oxidation. Reaction with oxygen (metal catalysts) yields mainly ncroleim (q.».); dry chlorine 
nets partly as an oxidizing agent (acrolein bas been found among the products). Hydrogen peroxide 
and other mild oxidizing agents yield chietly glycerol, but under more drastic conditions the final 
products may inchule formic acid, oxalic acid, ete., as well as acrolein. Ozone adds to the double 
boud, yielding an ozonide. 

Rearrangement aud Decomposition. At about 300°C. in the presence of alumina, zinc oxide, or 
copper, allyl alcohol rearranges to propionaldehyde; with other catalysts, notably certain heavy- 
metal oxides, propylene and acrolein are also formed, and the acrolein predominates in some eases, 
On passage through a platinum tube at very high temperature, allyl alcohol yields acrolein and de- 
composition products (hydrogen, carhon monoxide, ethylene, propylene, methane, ete.). Allyl 
ether and gaseous products result when allyl alcohol is passed through pumice at 450°C., and allyl 
other is also formed by passage over dehydrated alum at 190°C. 

Reduction. Catalytic hydrogenation to n-propyl alcohol proceeds smoothly. Small yields of 
n-propyl alcohol are obtained with metallic reducing agents in aqueous acid or alkali. 

Addition of Halogens and Hypohalous Acids. In general, the halogens and hypohalous acids 
add to allyl alcohol, the principal products being 2,3-dihalopropanols and monohalopropanediols (di- 
and monohalohydring), respectively. When allyl alcohol is treated with chlorine under anhydrous 
conditions, the products are complex, including dichlorohydrin in small amounts and aerolein, but 
the addition reaction proceeds readily with bromine, iodine monochloride, and iodine (in the last 
case the reaction is readily reversible). In the presence of water, mixtures of mono- and dihalo- 
hydrins result; thus, from aqucous chlorine, the two isomeric monochlorohydrins and 2,3-dichloro- 
propanol result (see Chlorohydrins). 

Reuelions with Cyanogen and Thiocyanogen. Thiocyanogen, (SCN),, adds across the double bond 
of allyl alcohol, but cyanogen addition apparently involves the hydroxyl group instead and yields the 
product CH,: CHCH,OC(: NH)CN. 

Formation of Allylates. Sodium allylate and hydrogen result on treating allyl aleohol with 
sodium, Aluminum allylate is not prepared directly, but by the use of the aluminum alcoholate of 
tert-butyl alcohol. Allyl ateohol and barium oxide form the compouud C;H;OBaOH. 

Formation of Allyl Ethers. The simple allyl cther (clinllyl ether) is readily prepared by treatment 
of the aleohol with sulfurie acid (caution: violent explosions have resulted from such mixtures). 
Mixed ethers may be made from sodium allylate and the appropriate halide, or from the alcolwl 
and such reagents as dimethyl sulfate or ethyl benzenesulfonate. Chloro ethers may result from 
reaction of the alcohol with an aldehyde and hydrogen chloride, although the end product is usually 
an acetal. Treatment of ally] aleohol with bromoform and an alkali gives ally] dibromomethyl ether; 
with methallyt chloride and an alkali, allyl methallyl cther; and similar reactions serve for the prepa- 
ration of various allyl aryl ethers. The reactivity of allyl alcohol in this respect is higher than 
that of saturated aleohols; thus with benzyl bromide, it forms allyl benzyl ether even in the absence of 
alkali, Ethers containing more than one allyloxy group may be obtained by reaction of sodium 
allylate with alkyl polyhalides. Glucosides and galactosides are also known. 

Reaction with Aldehydes and Ketones, Acetals (q.v.), such as diallyl formal and diallyl acetal, 
are formed from allyl alcohol and the appropriate aldehyde in the presence of hydrogen chloride, 
certain metal chlorides, etc. Diallyl acetal has also been made by catalytic addition of the alcohol to 
acetylene, and the bromoacetal by reaction of the alcohol with vinyl acetute and bromine. Ketals 
have been obtained by alcohol exchange with diethyl dimethyl ketal, or (in the case of cyclohexanone) 
by direct reaction iu the presence of catalysts. Allyl alcohol reduces benzophenone to benzopinacol, 

Formation of Esters of Organic Acids (see Esters, organic). Allyl esters of saturated monobasic 
acids are usually prepared from allyl alcohol hy reaction with the acid in the presence of acidic 
catalysts or dehydrating agents, or under conditions in which water is removed by azeotropic or simple 
distillation. Acid anhydrides react more rapidly than acids and are therefore sometimes convenient, 
especially if the work is to be done in the absence of dehydrating agents. Ally] esters of unsaturated 
monobasic acids have been prepared directly from the alcohol and acid in the presence of an agent 
such as sulfurie acid, or via the corresponding hydroxy ester. Polymerization inhibitors (as bronze 
powder) are sometimes employed in the preparation of allyl esters containing two or more double 


ALLYL ALCOHOL 587 


bonds, such as the allyl esters of unsaturated acids and the di- or trially] esters of di- or tribasie acids. 
Ester exchange is occasionally usefnl; for example, allyl acetoacetate has been made trom allyl 
alcohol and methyl acetoacetate. Reaction with the acid chloride has also been employed, especially 
iu making allyl esters of certain aromatie acids. The reaction of allyl alcohol with phosgene in the 
cold leads Lo allyl chloroformate, a uselul intermediate in the preparation of allyl carhonates and 
carbamates. Carbanilates (phenylearbamates) sro also made by treating allyl alcohol with phenyl 
isocyanate ur its derivatives. A sult af allylxanthic acid results on trouting a solution of an alkali in 
allyl alcohol with carbon disulfide in the cold. 

Polymers from Allyl Alcohol wul {ts Esters (see Allyl resins anil plastics), Allyl alcohol is quite 
stable at ordinary temperatures, undergoing neither polymerization nor other change for long periods; 
however, when heated to about 100°C. in the presence of oxygen, it forms viscous polymers of rela- 
tively low molecular weight. Polyullyl aleohol may be made by sapenifying a polymer of allyl 
oxalate. This product is believed to have a linear stracture, with each hydroxyl group primary and 
containing one double bond per molecule, essentially as follows: 


H 
| 
—CH2—C— 
] 
CHLOH An 


This polymer is soluble in water, alcohols, ete., readily forms polyesters and alkyd resins, and under- 
goes other reactions of polyhydroxy compounds. Nearly allof the allyl ésters have been polymerized 
to resins. Like allyl aleohol itself, the monoallyl esters of saturated acids form linear polymers, which 
ure thermoplastic. Allyl esters containing two or more unsaturated groups (such us the monoesters of 
unsaturated acids or the diesters of dibasic acids) first give thermoplastic, soluhle polymers, and then, 
as polymerization proceeds, undergo cross linking to thermosetting polymers, which are infusible and 
insoluble. A numbor of these thermosetting allyl polymers show good transparency, toughness, 
hardness, and dimensional stability at temperatures considerably above 100°C., properties which 
make them potentially valuable in many applications. 

Reaction with Inorganic Acids, Anhydrides, ete. The reaction of concentrated hydrobromie or 
hydrochloric acid, or of the gaseous liydrogen halide, with allyl alcohol under dehydrating conditions 
gives excellent yields of allyl bromide or chloride. Allyl halides have likewise been made from the 
alcohol by reaction with a phosphorus halide, although iu the cold phosphorus trichloride also gives 
allyl dichlorophosphite, CsH,OPCl.. Allyl cyanide results from treatment of allyl alcohol with 
cuprous cyanide and concentrated hydrochloric acid. Dilute (about 10%) hydrochloric or sulfuric 
acid gives 2 complex mixture eoutnining small amounts of such compounds as allyl chloride, allyl 
ether, propylene glycol, acetone, and propionaldehyde, ind considerable amounts of the condensation 
produet o-methyl-g-ethylucrolein. Concentrated or 50% sulfuric acid added very slowly ab room 
temperature gives the monoallyl ester, allylsullurie acid, but under somewhat more drastice condi- 
tions the addition produet 2,3-dihydroxy-1-propanesultonie aeid is formed. Potassium bisulfite also 
adds to the double hond; after acidification the product is 3-hydroxy-I-propanesulfonic acid. Simi- 
larly methyl mereaptan may be added catalytically to allyl alcohol. Sulfur dioxide reacts with 
allyl alcohol and certain simple derivatives in the presence of catalysts to give sulfone resins. Esters 
of allyl alcohol with orthosilicie, boric, phosphoric, and nitrous acids are known. 

Alkylations and Condensations. The catalytic alkylation of benzene with allyl alcohol leads to 
1,2-diphenylpropane, with smaller amounts of allylbenzene and (when aluminum chloride or ferric 
chloride is used) also 1-phenyl-2-ehloropropane. Toluene behaves similarly, gnd xylene and pseudo- 
eumene likewise yield dialkylation .produets. The reaction of allyl alechol with phenols leads to 
polymeric products, which depolymerize upon distillation, giving isopropenyl-substituted phenols 
and coumarans. The net process is one of addition followed by dehydration aud rearrangement. 
Allyl alcohol undergoes i,d-addilion with eyclopentadiene and. the like, forming bicyclic com- 
pounds, and similarly adds in the 9,10-position of anthracene. In the presence of aluminum 
chloride, phosgene condenses with allyl alcohol, forming a chloro lactone. 

Reaclion with Amines. Primary and secondary amines ‘add to the double bond of allyl alcohol 
in the presence of sodium to give 3-hydroxypropylamines; [or example, aniline yields N-(3-hydroxy- 

propyl)aniline. 
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Complex Mercury Compounds. ‘Treatment of allyl aleohol with: mereuric salts and alkali leads 
to two series of products: ([) the simple addition compound and (TL) the cyelie structure: 


CH.-O 
4 S x 
(D CH(HgX)—CHOH-—CH:OH XHy—CHs—CIf CH—CH,—HgX (1) 
< Å 


Coordinalion Complexes, ete. Coordination complexes of allyl alcohol with platinum and silver 
salts are known. Produets from certuin treatments of allyl alechol with aluminum chloride, magne- 
sium chloride, etc., contain allyl alcohol of crystallization. 


Manufacture 


The first commercial-scale production of allyl alcohol resulted from the dis- 
covery of the direct substitutive chlorination of olefins at high temperatures (2). 
By this process allyl chloride is derived from propylene by controlled reaction with 
chlorine at temperatures of the order of 400 to 600°C. (2,5,8,9,11): CHa: CHCH; + 
Cl; —- CH,: CHCH.Cl + HCI; and allyl alcohol is obtained from the chloride by 
hydrolysis (5,7,10). A method for the production of allyl alcohol by the catalytic 
rearrangement of propylene oxide has been patented (6). 


ANALYSIS 


For assay of allyl alcohol in the absence of saturated alcohols, the acetylation 
method is used (4). The sample is shaken with a freshly prepared precipitate of 
acetylpyridinium ehloride, the unused acetyl chloride is hydrolyzed with water, 
and the acids present are titrated to the phenolphthalein end point. Nonalcoholic 
impurities and water in small amounts do not interfere. In the absence of other 
unsaturated compounds, allyl aleohol ean be determined by bromine addition. 
Fractional distillation and analysis of the appropriate fraction by both acetylation 
and bromination may be necessary in complex cases; infrared absorption spec- 
trometry is also useful (for spectrum see reference 4). Water in allyl alcohol can 
be determined by means of the Fischer reagent (a solution of pyridine, sulfur 
dioxide, and iodine im anhydrous methyl ‘Cellogolve’’). 


SPECIFICATIONS AND GRADES 


Allyl alcohol is supplied in only one grade, of purity 98% minimum. Shipping 
regulations: Containers, those authorized by I.C.C. (3) for shipment of Class B 
poisons (as steel, single-trip drums, I.C.C. Spec. 17-E or 17-C); drums and packages 
carry "Poison" label; tank ear aud boxcar shipments show “Dangerous” placard. 


HEALTH AND SAFETY FACTORS 


Allyl alcohol is not corrosive and may be transported and processed in ordinary 
steel or other metal equipment. Allyl alcohol is toxic. The vapors are quite 
irritating to the eyes, unose, and throat, and contact of the liquid with the skin leads 
to rapid absorption and distribution through the body, so that remedial measures 
must be taken promptly. However, hazards from its use can be made relatively 
slight if suitable precautions are observed based on good ventilation and care in 
keeping the liquid off the skin and clothes (4). 
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Production and Uses 


Allyl alcohol was not available in eommercial quantities before the 1940s, but it 
quickly found substantial use in the resin and chemical fields. Indications are that 
this will steadily increase. Consumption figures are not available. 

Although allyl alcohol is used mainly as an intermediate for resin and chemical 
manufacture, certain direct applications have been suggested (4). Thus it has been 
reported to be an ideal preservative for use in the manufacture of blood powder; 
it has heen suggested as an inhibitor of the action of catalases in dough; it has been 
proposed as a solvent in oil refining and dewaxing and in the concentration of acetic 
acid; and its characteristic odor has suggested its use as & warning ageut iu rofriger- 
ants, Itis doubtful that any significant amounts of allyl alcohol are employed at 
present in direct applications. 


Derivatives of Technological Importance 


1. Resins. See Allyl restns and plastics. 

2. Chemicals, Pharmaceuticals, ete. Allyl alcohol has been employed to some 
extent in making allyl barbiturates (sedatives). Certain allyl esters have found use 
as perfumes and flavorings (for example, allyl caproate as a syuthetic pineapple 
flavor). Allyl bromide, CH»: CHCH Br, is a convenient, highly reactive iuter- 
mediate in many syntheses, although allyl chloride, whieh is lower in cost, may 
serve as well. (As noted above, allyl chloride is an intermediate in one process for 
allyl aleohol manufacture.) Many of the other derivatives mentioned under 
“Chemical properties" on page 385 are of some technological importance, and their 
use may be expected to increase in view of the present large-scale availability of the 
parent allyl compounds, 
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ALLYLAMINE, CH;:CHCH;NH.. See Aerylonitrile; Amines. 
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ALLYLISOTHIOCYANATE, CH;: CHCHNCS. Sec Cyanides; "Mustard" under 
Oils, essential. 


ALLYL RESINS AND PLASTICS 


The polymerizability of allyl esters, and the potential availability of allyl alcohol 
(g.v.) from which the esters can be prepared readily by esterification with a variety 
of acids, have led to the development of a number of these esters having techno- 
logical value in the production of polymers. 

Polymerization of the allyl esters of monobasic acids on heating with peroxide 
catalysts oecurs by a chain mechanism, which usually produces balsam-like polymers 
of relatively low molecular weight. In the case of ally! acetate, the average number 
of monomeric units per polymer molecule is approximately 14 (2). The esters of 
polybasie acids such as phthalic, which contain two or more allyl ester groups, 
appear to polymerize by the same mechanism, except that branching and eross 
linking make it possible to build up a sufficient proportion of high-molecular polymer 
for the production of strong, hard polymers. 

The tendency for polymerization of the monomeric allyl esters is sufficiently 
low to allow convenient purification and handling without undue polymerization. 
At the same time, the esters from suitably chosen polybasie aeids are sufficiently 
nonvolatile that evaporation problems in handling and use are largely eliminated. 
High- or low-viscosity esters, as desired, can be produeed by appropriate selection 
of the acid. 

The capacity for polymerization to cross-linked, that is, thermoset, polymers 
without evolution of volatile by-products, avoids the necessity of applying pressures 
as required with the conventional thermosetting resins of the condensation type; 
this led to the use of certain of the diallyl esters as pioneering materials in very low- 
or contact-pressure laminating (4,6). The slow polymerization rate of the allyl 
esters, however, has been a disadvantage when very rapid curing is required, and 
faster-curing compositions have largely supplanted these esters in pure form for use 
in very low-pressure laminating. The chief uses of the allyl esters capable of pro- 
ducing polymers of the thermosetting type have been in casting applications, for 
example for the production of transparent cast objects (8,4,6). One of the rela- 
tively nonvolatile esters, diethylene glycol bis(allyl earbonate) (formerly designated 
as CR, 39 and Allymer CR 39) (4,0,8), has been used in the commercial production of 
transparent cast sheets (Allite 39), The cast polymer from this monomer possesses 
improved resistance to abrasion, to solvents, and to heat as compared with the com- 
mon transparent plastics, and has been used principally for heat- and solvent-resistant 
aircraft windows and sight gages. Tentative specifications for cust: allyl plastic sheets 
of this type have been adopted hy the American Society for Testing Materials (1). 
Another allyl ester, recommended for casting applications and especially for electrical 
uses, has been marketed under the trade name of Kriston (3). 

The allyl esters are readily copolymerizable with a variety of other polymer- 
forming monomers such as vinyl esters and esters of methacrylic and malcic acids 
(see Acrylic resins; Alkyd resins; Vinyl compounds). The possibilities for modification 
and development of specific propertics through appropriate choice among the allyl 


compounds are manifestly large, and new forms and applications may be expected 
to appear with further development. 
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ALMANDITE, Fe;Al;(810,). See Silica and silicates. 


ALMOND OIL. Sec Benzaldehyde; Fats and fatty oils; Oils, essential. 

ALNICO. See Iron alloys. 

ALOE; ALOIN, CagH;sO,. See Catharties. 

ALOPERINE, CuHsNs See Alkaloids. 

ALPHA-NAPHTHOL; ALPHA-NAPHTHYLAMINE; etc. See Naphthols; Naph- 
thylamines; etc. 

ALTROSE, CpHOs. See Carbohydrates; Sugars. 

ALUMILITE PROCESS. See Aluminum. 

ALUMINA, AlO;. Sce Aluminum compounds. 

ALUMINATES. See Aluminum compounds. 

ALUMINITE, Ale(OH),:SO,7H2O. See Aluminum compounds. 

ALUMINIUM. See Aluminum. 

ALUMINON. Bee Aluminum. 

ALUMINOSILICATES. See Silica and silicates, 

ALUMINOSIS. Sec Industrial hygiene. 

ALUMINOTHERMY. See Thermite process. 


ALUMINUM AND ALUMINUM ALLOYS 


Physical and Chemical Properties, 592; Manufacture, 600; Alloys, 605; Metallurgica 
and Fabricating Practices, 605; Uses, 619. 

Aluminum, Al, atomic number 18, atomic weight 26.97, valence number 3, has 
only one known stable isotopic form. Aluminum is a silvery-white metal and is found 
widespread in nature but only in combined forms such as oxides or silicates. Its out- 
standing characteristics are: lightness; good electrical and thermal conductivity; 
high reflectivity for light and radiant energy; nonmagnetic properties; high strength 
in alloy form, with good resistance to atmospheric attack. It is ductile and readily 
worked, and is available in practically all commercial forms. Aluminum and its strong 
alloys are widely used for structural purposes; for aircraft, railway, truck, bus, auto- 
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mobile, and ship construction; for clectrical conductors; for chemical- and food-proc- 
essing equipment and cooking utensils, to mention only some of the most important 
uses of this major metal of commerce. 


HISTORY 


The name aluminum stems from the Latin alumen whieh we know as "ulum." The standard 
spelling of the name is “aluminum” in the United States, but in Europe it is “aluminium.” In 1754, 
Marggraf showed tbat almnina was an earth or oxide different. from lime. Sir Humphrey Davy, in 
1807, attempted to isolate the metallic element in alumina, hut it was not until 1825 that Hans 
Christian Oersted heated aluminum chloride with potassium smalgam and then distilled off the mer- 
eury, leaving metallic aluminum as a powder with metallic luster. In 1845, Frederick Wéhler used 
metallic potassiun as the reducing agent and securecl small particles of aluminum, each weighing 
about a centigram. These were large enough to demonstrate the fact that aluminum was a light, 
ductile metal with a specific gravity of about 2.5 to 2.7. The production in amounts suflicicut to de- 
termine some of its useful properties and potential applications awaited the experimental work of 
Tlenri Sainte-Claire Deville, who, in 1854, discovered that by substituting metallic sodium for potas- 
sium and using sodium aluminum chloride as a protective flux, aluminum could be produced on a 
substantial scale. Various improvements to this process were eventually made, but aluminum still 
remained an expensive metal in the jewelry class. In 1886, Charles Martin Hall, of Oberlin, Ohio, 
discovered the electrolytic process for producing aluminum from alumina dissolved in molten eryolite. 
At about the same time, Paul L. T. FIéroult, in Europe, made the sumo discovery. — "his process, with 
improvements in equipment and techniques, is in use today. Aluminum produced by reduction 
with sodium cost $8.00 per lb. in 1886. In 1946, aluminum ingot made by the Hall-Héroull process 
sold for 154 per Ib., with pig aluminum offered at 14¢ per Ih. 


Physical and Chemical Properties 


Constants. Aluminum produced by the Hall-Héroult process ranges in purity up 
to 99.9%. Minor amounts of iron and silicon, carried by the alumina, bath and carbon 
anodes, and clectrolytically redueed with the alumina, characterize the bulk of the 
product. This is not generally a disadvantage, however, for the iron and silicon act as 
alloying clements and increase the strength and utility of the metal for many purposes. 
Metal having a purity of 99.0 to 99.3% is commonly referred to as aluminum of com- 
mercial purity, and it is of this grade metal that sheet and other wrought products re- 
ferred to as “28” are made. The pure metal is silvery white m color, but aluminum of 
commercial purity has a bluish tinge resulting from the presence of iron and silicon con- 
stituents. Table I gives the physical properties of three different grades of aluminum 
in the range from 99.0% to the purest metal available. 

Reactions. Although aluminum stands high in the electromotive series with an 
electronegative potential of — 1,67 v., it is resistant to atmospheric attack and many 
chemical mediums. This resistance is due to the protective oxide film, which is always 
present on aluminum exposed to the atmosphere. This film starts to form instantane- 
ously on cut or freshly exposed surfaces. Although the oxide film is thin, less than a 
millionth of an inch in thickness, it is impervious and highly protective. On heating, - 
the film increases somewhat in thickness and remains protective even up to the melting 
point of the metal. When aluminum is melted, the oxide film forms on the surface of 
the molten metal and, unless disturbed, protects it against further rapid oxidation. 
, The film is so protective, moreover, that burning will not occur. It is impossible to 
ignite sheet aluminum, even with an oxyhydrogen flame; the metal melts but does not 
burn. For this reason, aluminum cannot be eut with an oxygas flame as arc iron, and 
steel; the metal simply melts in contact with the hot flame. 


TABLE Ll Physical Properties. 
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Property n - Aluminum, % purity ο ο 
g NM ος u E BPH 99.5« ος 98.0 ta 99.8 

di 2.0080 2.703 2.71 

d 2.6978 

di" 2.37 

Solidification shrinkage, % 6.6 

Lattice parameter, A. at 25°C., faea-centered cubic 4.0413 

M.p., °C. 660.2 057 

Bp. °C. 2057 

Fleat of combustion (2 Al -+ 30 = AlsOs), kg.-cal. 399.0 

Specific heat af 100°C., cal./gram 0.2226 

Latent heat of fusion, eal. /gram 04.6 

Temperature voefficient ol expansion 
20-100 °C. 28.86 x 1075 24.0 X I0 5 
20-200*C. 24.58 X 107° 25.9 X 1078 
20-300°C. 25.45 X 1074 26.7 % 1075 
20—100?C. 26.49 x 1075 27.9 X 1079 
20-800?C. 27.68 X 1074 27.9 X 107° 
20-600 °C. 28.6 X 1078 

Resistivity ab 20°C., mierohm-em. 2.6548 2.828 

Conductivity at 20°C., % of Cu" 64.04 60.97 

Temperature coefficient of resistivity at 20°C, 0.00420 0.00403 

"Thermal eonduetivity, eul./sec./sq. cm. / "C. / em, 0.52 

Reflectivity, % 
light from tungsten filament 90 
2500 A. 85 
10,000 A, 95 

"Thermal emissivity at 100 ?F., 97 3 

Magnetic susceptibility, c.g.s. units 0.58 x 1075 











* Aluminum eonductors ave mado from the 09.595 grade metal. 
b International Annealed Copper Standard. 10063, 


The heat of combination of aluminum with oxygen is high. In finely divided pow- 
der form aluminum will þurn in air, and, when dispersed in suitable concentration 
(above about 40 oz. per 1000 cu.ft.), it forms an explosive mixture with air. However, 
when the oxygen concentration is reduced below about 10%, explosive mixtures are no 
longer formed. 

From several points of view, the most important reaction of metallic aluminum is 
that with oxygen or water. Under many conditions, however, the reaction is self- 
stopping because of the formation of au impervious oxide film: 

4 Al + 8 Q, ———— 2 AbO; 
2 Al -r 83 HO —— ALQ + 3 Hy 


When formed in hot or boiling water, the oxide film contains the monohydrate. Water 
reacts readily with aluminum amalgam because a protective film does not form on the 
amalgam: 
2 Al + 4 H0O ———> AhO;.H20 + 8 He 
2 Al (amalgam) + 6 IH3O ————  Al0,3 H50 + 3 H; 


Many reactions of metallic aluminum that are thermodynamically possible proceed to 
a negligible or limited extent because of the presence or formation of the protective 
oxide film. At elevated temperature, or in the presence of certain reagents, the film 
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may be broken and reactions proceed freely. In the presence of oxidizing reagents or 
under oxidizing conditions the film frequently remains intact and the reaction rate is 
small. 

The high chemical activity of aluminum is indicated by its position in the e.m.f. 
series. Reactions of the following type are possible: 


2 AI 4-3 Zn? * ———> 2 At + 3 Zn 
Al + Fett ———> Al#+ + Fe 

2 Al + 6 IH? —— 2 At + 3 H; 

2 Al + 3 Cu2+ ——— 2 ALt -+ 3 Cu 

2 Al 4- 3 Hg* ! ———— 2 Al** + 83 Hg 


In neutral solutions only Hg?+ ion reacts at any significant rate, even at boiling bem- 
perature. In strong acid (such as hydrochlorie) solution the reactions occur freely be- 
cause the acid prevents oxide-film formation, although the acid solution tends to redis- 
solve zine and iron. In addition, many elements ean be reduced to intermediate 
valence states: 
ΑΙ -- πο. PE Q, Apt. 3 Fett 
5 AI -- 3 MnOg 4-24 H^ ———9 8 AU" 4-3 Mu?* + 12 ISO 


In alkaline solutions, metallie zine is formed from ZnOz by aluminum. 

Coneentrated hydrochlorie acid attacks aluminum readily, dilute solutions more 
slowly. Heating accelerates the rate of attack. Cold, concentrated sulfuric acid pro- 
duces no acid attack, but when hot it reacts according to the equation: 


2 Al + 6 H380, -----------ὁ Al(SO49; T 3 BO, -+ 6 Π.Ο 


The rates of solution of aluminum in some of the commou acids at various concentra- 
tions are shown in Table IT. Nitric acid, because of its oxidizing properties, tends to 


TABLE II. Resistance of Aluminum (2S) to Acid Solutions at Room Temperature. 


Penetration per year, in inches, with aeid concentrations of; 





Acid 








195 5% 10% 20% 50% 75% 955; 100% 
Acetic 0.0010 | 0.0013 | 0.0011 0.0008 | 0.00075 | 0.00075 | 0.0005 | 0.0001 
Sulfuric 0.008 | 0.024 | 0.040 0.075 0.160 0.04 0.56 0.02 
Nitric 0.001 | 0.040 | 0.075 0.111 0.082 0.018 0.003 | 0.001 
Phosphoric 0.002 | 0.040 | 0.075 0,12 0.20 0.23 
Hydrochloric | 0.017 -- — 1000 
(approx.) 








" Acid concentration is per cent by weight. 


form an oxide film on the metal that resists further action. If conditions are such that 
the film does not form, as for example with an aluminum amalgam, nitric acid acts as 
follows: 


i 


Al + 4 HNO; (coned.) ——— ALNO, + NO + 2 ELO 
8 Al + 30 ELNO; (di) ———9 8 AI(NOs;), 4- 3 NTGNO; 4- 9 Π.Ο 


The reaction with sodium or potassium hydroxide to form so-called aluminates 
(see p. 649) takes place readily and illustrates the amphoteric character of the 
clement: 

, 2 AI 4- 2 NaOH + 24,0 ——> 2 NaAlO, + 3 Ha 
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An intimate mixture of aluminum and iron oxide reacts vigorously, with the pro- 
duetion of much heat after the mixture has once been ignited: 


2 Al E Fri, ———5 ALOs 4- 2 le 
A fresh aluminum surface will react with water and oxygen to form traces of hydrogen 
peroxide: 

Metallie alumintun combines directly with the free halogeus. The reactions take 
place in certuin organic solvent mediums, or at elevated temperatures in the absence of 
oxygen-containing compounds. Under the latter condition dry hydrochloric acid be- 
haves similarly: 


2 Al +3 Chk > 2 AICI; 
2 ΑΙ 4T31-——2 Aly 
2 A -- 6 HC] ———2 2 AICI; + 3 IT. 





The chloride, bromide, and iodide of aluminum are volatile at temperatures of about 
300°C. or higher under the above conditions. 

Several additional reactions of aluminum occur only at elevated temperatures and 
in the presence of little or no oxygen or oxygen compounds: 


2 AlL-+ N, —— 2 AIN 
Al+ P~ > AIP 
2 Al + 3 FeS ———> Abd, + 3 Fe 





At elevated temperatures, carbon and carbon compounds react with aluminum, 
forming carbides and/or free carbon: 


4 Al + 3 ο ———— ALC; 
4 Al -- 8CO, ——— 2 ALO; + 3 C 


Analysis. The aluminum ion is detected in qualitative analysis by the forma- 
tion of aluminum hydroxide on treatment with ammonium hydroxide and ammonium 
chloride; the precipitate is soluble on adding sodium hydroxide. Alizarin S, aluminon 
(ammonium aurintricarboxylate), and some other reagents give distinctive precipitates 
with the aluminum ion, Aluminum is usually determined gravimetrically as the 
oxide, AOs, obtained on igniting the precipitated hydroxide. 


CORROSION 


Aluminum and some of its alloys are resistant to atmospherie attack. For this 
type of use, wrought products, made (rom the alloys 28, 3S, 528, 538, and 618 (see 
Table V), give satisfactory performance. Some of the clad products (marketed under 
names, such as Alelad, Pureclad), which comprise an alloy core with a protective coat- 
ing of pure aluminum or an alloy, are particularly good. The attack is largely by 
pitting, and is somewhat greater along the seacoast and in industrial atmospheres than 
in suburban regions. Tests show that the attack is self-stopping, for the small loss in 
strength observed is about the same after ten years as after one year. Actual service 
tests are limited to periods of fifty years or less, since aluminum is a relative newcomer 
among the metals. However, among the best-known examples of such extended serv- 
ice are: the aluminum cap on the Washington Monument, the cast statue of Eros in 
London, and the sheet-aluminum roof of the church of San Gioacchino in Rome. 
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Tn contact with uncontaminated sea water, some of the alloys containing less than 
about 1% copper show little attack. The corrosiveness of the water is substantially 
greater, however, when it is contaminated with industrial wastes. When maximum 
resistance to sea water is desired, such alloys as 28, 38, and 528 are employed, as well 
as Alclad 248-T in all but the thinnest gages. For severe service conditions, protective 
coatings may be employed. 

Distilled water, even when hot, has practically no action on most of the alloys. 
During the initial period of contact, the distilled water builds up a protective film of 
aluminum oxide and thereafter action ceases. It is an accepted practice, therefore, to 
use alloys such as 28, 38, and 528 for the equipment and piping used in storing and con- 
veying water in laboratories and plants where distilled water of the highest purity is 
desired. Analyses of distilled water handled in this way iu aluminum equipment should 
show less than 0.2 p.p.m. of total solids (only part of which may be alumina) in the 
water; the contamination from the aluminum equipment is therefore negligible. 

The compositions of various commercial and tap waters vary so widely that no 
generalizations regarding their action on aluminum are possible. Certain of these 
waters have little or no effect, while others are corrosive. Most substantially neutral 
(pH 6 to 8} waters are well resisted by Alclad 35 (see “Alloys,” 605). Such waters 
rarely cause auy appreciable general attack ou other alloys such as 28, 35, or 528. 
However, some waters may cause local attack: of the pitting variety. This localized 
attack is often self-stopping in nature; the accumulation of corrosion products in the 
pits stops the action. Therefore no undesirable effects result when the walls of the 
aluminum equipment excced about 0.1 in. in thickness. Certain waters may cause 
perforation if the wall thicknesses are much below 0,1 in. The use of Alclad 38 per- 
mits further reduction in wall thickness, while still maintaining a high resistance to 
perforation. Cooking utensils, generally of 28 or 38 shect or B-214 casting alloy, give 
excellent service when used with miscellaneous waters and foods during cooking. 
Direct-fired or jacketed kettles, which are extensively used for the heating of foods or 
other liquids in bulk, are generally made of 98 or 528 alloy. 

Dry steam has little chemical action on aluminum up to temperatures of about 
300°. In aluminum systems carrying steam, the presence of entrained boiler water 
should be avoided since it is likely to carry boiler compounds that are corrosive. 
Waters of high acidity or alkalinity are usually definitely corrosive, although it is some- 
times possible to limit their action by the addition of a suitable chemical inhibitor. 

Neutral solutions of sodium chloride have little action on such alloys as 28, 38, 
528, and 538, even nt temperatures up to the boiling point. Weight changes are 
generally less than 10 mg. per sq.in. of contact surface after six weeks of exposure. 
When the solution is decidedly acid or alkaline, more attack will be observed, and the 
solution will be particularly corrosive if soluble compounds of the heavy metals are 
present. 

All of the dilute mineral acids attack aluminum at an appreciable rate; for many 
applications, however, the rate is not objectionable. Generally speaking, the attack 
increases with concentration of the acid and with temperature. There are two notable 
exceptions. Nitric acid in concentrations stronger than about 80% has negligible action 
on aluminum; fuming nitric acid is commonly handled in aluminum tanks and drums. 
Dilute acetic acid has a very low rate ol attack on aluminum, and the 100% acid (gla- 
cial acetic) has a negligible rate, either hot or cold, as is shown by the data in Table II. 
The effect of temperature is an important one, as is the case with most chemical reac- 
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tions. The rate of attack with 20% sulfuric acid, for example, is about 5 times as 
rapid at 50°C. as at 30°C. 

The oxide film on aluminum shows less resistance to attack in alkaline mediums, 
and alkaline solutions are generally corrosive. The exception to this is ammonia, and 
the alloys have been widely used in contact with ammonia gas and ammonium hydrox- 
ide solutions. Aluminum alloys containing over about 3% magnesium show greater 
resistance to solutions that are alkaline from the presence of alkali or alkaline earth 
metal compounds. 

Most of the organic acids, except formic acid, have little action on aluminum at 
room temperature, although the rate increases somewhat at higher temperatures. 
The average rates of penetration of 38-O alloy sheet (in inches per year) for 1% solu- 
tions of several different organic acids, at 90°F., are: tartaric acid, 0.0010; lactic acid, 
0.0021; acetic, 0.0021; and citric (at 180°F.), 0.0012 in. A rate of penetration of 
0.0010 in. per year corresponds to » weight loss of 0.0008 mg. per sq.em. per hour. 
The rate of attack decreases somewhat with increase in the concentration of these acids 
in solution. Equipment made of alloys such as 38 is widely used for the processing, 
shipping, and storing of acetic, gluconic, and citrie acids. Fatty acids such as stearic 
acid can be processed in aluminum equipment provided some moisture is present and 
the temperature is not too high. Fruit juices gencrally exhibit low activity toward the 
metal, and this activity is further reduced by the presence of sugar, which acts as an 
inhibitor of attack. Aluminum equipment is particularly adapted for the handling of 
all types of food products because of its resistance to attack und because compounds of 
aluminum are nontoxic and colorless. 

Many materials that are ordinarily considered corrosive can be handled satisfac- 
torily in aluminum equipment and containers. Molten sulfur and its vapors do not 
combine with aluminum and there is no appreciable attack except at very high tem- 
peratures. Hydrogen peroxide can be handled in pure aluminum containers because 
its decomposition is not catalyzed by the metal. Formaldehyde is not without action, 
but the attack is self-limiting and aluminum equipment has been satisfactorily used in 
its distribution and handling. 

Alloys such as 38 can be satisfactorily employed with a variety of refrigerants even 
if some water should happen to be present. With ammonia plus 5% water, the average 
rate of penetration per year was observed to be negligible aud the maximum depth of 
pitting was 0.0007 in. With Freon-12 (dichlorodifluoromethanc) plus 5% water; the 
average annual rate of penetration was 0.00001 and the maximum depth of pitting was 
0.0015 in. The water was added during these tests to make sure that the presence of 
moisture would not aceclerate attack directly or by decomposition of the Freon, 
These tests were conducted at a temperature of ahout 45°C. 

Galvanic Effects. In the classical electromotive series, aluminum has a high 
(anodic) solution potential. Under many practical conditions of use, the solution- 
potential relations of aluminum and its alloys are different from those suggested by the 
e.m.f. series. For oxample, in the e.m.f. series just reforred to, aluminum is anodie to 
zinc, whereas in neutral salt solutions the reverse relationship holds. Table III gives 
values for the solution potentials of aluminum and sone of its alloys and certain other 
metals in normal sodium chloride solution. These values are indicative of the poten- 
tials that may exist between these metals in the presence of electrolytes of this charac- 
ter. In most natural waters, in dilute, neutral salt solutions, and in weakly acidic solu- 
tions, it is found that zine is anodic to aluminum, whereas in strongly alkaline solutions 
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the reverse is true. However, the heavy metals, and particularly copper and nickel, 
have much lower solution potentials than aluminum, and their contact m the presence 
of an electrolyte usually results in definite electrolytic attack of the aluminum. The 
potential difference, as shown in this table, is not a good gage, however, of the extent 
of action, since that is controlled by the amount of current flowing, which may be in- 
fluenced by polarization effects. Stainless steel, for example, exhibits a slightly greater 
potential difference than does copper, but the galvanic action between aluminum and 
stainless steel is decidedly less than with copper. The solution potential of cadmium, 
as shown by the table, is very close to that of many of the aluminum alloys. It is good 
practice, therefore, to cadmium-plate steel parts such as bolts, screws, etc. that are 
to be used in contact with aluminum. 


TABLE Ill. Solution Potentials in 1 N NaCl Solution (5.85%), Containing 0.3% H,O, (0.1 N). 


















































Emi, in | Bam, in 
Metal or alloy volts (enlomel Metal or alloy volts (calomel 
seule) | seule)” 
Magnesium —1.73 
Magnesium alloy AM240-T4 --1.66 Aluminum alloy 195-T4 —0.70 
Zinc -—1.0 Aluminum alloy 248-T —0.68 
Aluminum alloy 220-T4 0.06 Iron —0.63 
High-purity aluminum —0.85 Lead —0.55 
(99.954- 95) Tin —0.49 
Aluminum alloy 528 —0.85  '| Brass (60-40) —0.28 
Aluminum alloy 28 —0.83 Copper —0.20 
Aluminum alloy 38 —0.83 Stainless steel (18-8) —0.15 
Aluminum alloy 538-T —0.83 Monel metal —0.10 
Aluminum alloy 615-T —0.83 Silver —0.08 
Aluminum alloy 43 —0.83 Nickel —0.07 
Cadmium —0.82 Tneonel —0.04 
Aluminum alloy 356-T4 —0.81 | 








* These values vary somewhat, depending upon the pariicular lot of material investigated and 
upon the surface preparation employed. 


The fact that zine is anodic to aluminum and sacrificially attacked in many solu- 


tions can be put to good use in the protection of aluminum. This kind of cathodic pro- 
tection can be obtained. by bolting or otherwise attaching pieces of zine to tanks, pipes, 
and other equipment where attack is anticipated. The zinc dissolves preferentially, 
but that is unimportant since the zines ean be replaced from time to timo as necessary. 
Preliminary experiments will determine whether the protective action is satisfactory 
and will determine the best arrangement for the zines. 

Another type of attack may result from contact of aluminum with solutions con- 
taining salts of heavy metals such as copper, nickel, cobalt, and mercury. For cx- 
ample, copper in solution may deposit on aluminum by replacement, an equivalent 
amount of aluminum going into solution. ‘This precipitated copper acts as the cathode 
in a short-circuited electrolytic cell, so that the aluminum anode continues to dissolve 
and a pit results. This action can be minimized by regular eleaning of the surface 
with an abrasive cleaner, which removes the heavy metal deposit. 

Corrosion Inhibitors. Chemical attack may also be prevented or minimized in 
some cases by the use of inhibitors. In neutral or nearly neutral solutions the best 
inhibitors are usually the chromates, silicates, and soluble oils. For example, chromate 
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in the amount of 195 of the chloride content of a brine is usually sufficient to prevent. 
attack. Chromates are generally used with neutral sodium or calcium chloride brines. 
The reaction of the inhibited brine should be kept within the pH range of 6 to 8. For 
the inhibition of alkalies such as sodium carbonate and trisodium phosphate solutions, 
silicates, especially sodiuin disilicate, are quite effective. However, silicates will not. 
prevent attaek by strong (over 1%) solutions of sodium or potassium hydroxide. 
Soluble oils, in amounts of 0.1 to 10% by volume, are frequently used to inhibit attack 
by corrosive waters and are ospecially useful with hot waters where the inhibiting 
action of chromates tends to break down. Chromic acid and chromates are effcetive 
inhibitors with phosphoric acid, but no effective inhibitors are known for dilute sul- 
furic acid. In the case of hydrochloric acid solutions, organic bases such as acridine, 
organic sulfur compounds such as dibenzyl sulfide and thiourea, and some amines are 
effective. Sugars, such as sucrose, dextrose, aud levulose, are effective inhibitors of 
organic acids. However, the attack by organie acids is usually so slow that the use of 
inhibitors is not required. 

In many cases also it is possible to apply effective protective coatings to the sur- 
face. These may be anodic coatings or synthetic-resin coatings such as the phenolic, 
alkyd, vinyl, or other effective types of organic coatings. The application of these fin- 
ishes is deseribed in more detail in a later section of this article. 


HYGIENIC ASPECTS 


One of the most important and characteristic properties of aluminum is its inert- 
ness so far as life processes are concerned. Extensive experiments in introducing ahı- 
minum pieces or powder beneath the skin or into the tissues of animals, have shown that 
when proper care was taken to prevent bacterial infection there was no irritation or 
injury (other than mechanical) caused by the metal. Other experiments have shown 
that aluminum (in contrast to a number of other common metals) does not accelerate 
the loss of vitamins in cooking. ‘The loss of vitamin C (tho most sensitive of the vita- 
mins to deterioration) in pasteurizing milk in an aluminum vessel was no greater than 
when the pasteurization was carried out in glass (30%), while pasteurization in copper 
under the saine conditions completely destroyed this vitamin. 

Statements that food cooked in aluminum cooking utensils might injure the per- 
sons who consumed it, because of the supposed toxie effect of the very small amount of 
aluminum dissolved, have been repeatedly contradicted by official health agencies and 
other scientific investigators on the basis of experimental investigations. With certain 
types of foods, particularly those containing organic acids such as tomatoes and rhu- 
barb, small amounts of aluminum may be dissolved. Beal and others found that not 
more than 12 mg. of aluminum will be ingested per day, if all of à person's food is 
cooked in aluminum utensils, and not over 40% of this amount will come from the 
utensils (4). These traces of aluminum salts, morcover, are harmless aud are also un- 
objectionable because they are colorless. The product of corrosion in the presence of 
water is aluminum hydroxide; the extensive and very successful use of large and con- 
tinuing doses of aluminum hydroxide in the treatment of stomach ulcers, and the heal- 
ing effect of this medication in practice, would seem to disprove such derogatory state- 
ments completely. | | 

A recent discovery in the study of the physiological effects of aluminum is that the 
inhalation by animals of aluminum dust with silica dust will prevent the development 
of silicosis in the animal. The amount of aluminum dust nced only be a few per cent 
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of the amount of silica dust. Experiments on human beings indicate that inhalation of 
fine aluminum dust appears to reduce the irritation and dyspnea characteristic of 
fairly advanced cases of silicosis, but the treatment is still in the experimental stage. 


Manufacture 


Production of Alumina. Metallic aluminum is produced by the electrolytic reduc- 
tion of alumina; an essential step in the process, therefore, is the refining of an alu- 
minous ore to produce pure alumma. Aluminum in combined form occurs widespread 
in nature as feldspars, micas (q.v.), and the clay minerals like kaolin (See Clays; Silica); 
spinel, MgAI;O;, or MgO.ALO; (see Magnesium) is the type of a whole group of min- 
erals. The principal ore of aluminum, however, is bauxite. Bauxite is a term generi- 
cally applied to ores composed principally of the hydrated oxides of aluminum. These 
minetals are gibbsite, AlOs3H20, and béhmite, AlO3.H2O (see Aluminum compounds). 
Bauxites may contain either the trihydrate or monoliydrate or a mixture of the two, 
together with associated impurities, which are chiefly the oxides of iron, silicon, and 
titanium. A typical bauxite (trihydrate) may have the following approximate com- 
position: combined water 30%, alumina 58%, ferric oxide 5%, silica 5%, and titanium 
oxide 2%. Bauxites were formed by the weathering of aluminum silicates, and are 
found principally in the temperate and tropical zones where the leaching out of the 
silica was able to proceed to à substantial extent. In the U.S., the principal deposits 
are found in the southern states of Arkansas, Georgia, and Alabama. Large deposits 
of bauxite are found in the northern part, of South America, in British Guiana, and in 
Suriname. In other parts of the world, important deposits occur in France, Italy, 
Hungary, Yugoslavia, Greece, and the Duteh East Indies. ` 

The Bayer process is the most generally used procedure for the refining of bauxite. 
In this process, the bauxite is digested with a hot caustic soda solution to put the alu- 
mina into solution as sodium aluminate. After separation from the insoluble residue, 
alumina trihydrate, ALOH); (hydrated alumina, Al,O;.3H.0, see Aluminum com- 
pounds), is precipitated from the solution and is calcined to produce the pure alumina, 
which is sent to the reduction plants. 

The bauxite, as mined, is often crushed and washed to remove clay and then dried 
for economy in shipment. At the Bayer-process works, the bauxite is finely ground 
and is charged into digesters along with spent caustic liquor from a previous cycle and 
sufficient lime and sodium carbonate to give the necessary concentration of sodium 
hydroxide. After digestion, at about 50 p.s.i. steam pressure for a suitable period, the 
caustic solution containing the alumina dissolved as sodium aluminate is separated 
from the insoluble residue by settling and filtration. The residue carries a high per- 
centage of iron oxide and is known as “red mud.” The sodium aluminate solution is 
sent to large precipitation tanks where it is seeded with alumina trihydrate from a 
previous cycle and slowly cooled. The trihydrate is gradually formed by the hydroly- 
sis of sodium aluminate in the presence of the crystalline seed. When the precipitation 
cycle has been carried to the desired stage, the granular trihydrate is separated by 
thickeners and filters and then calcined to remove the free and combined water. It is 
essential to carry out the calcination at a high enough temperature (usually above 
1000°C.) to convert the alumina into nonhygroseopie a-alumina. This calcined 
alumina is then ready for shipment to the reduction works. A graphic outline of the 
Bayer process is shown in the flow sheet of Figure 1. 
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The silica content of a bauxite is important, for any reactive silica combines with 
alumina during the digestion and is carried into the red mud as an insoluble sodium 
aluminum silicate. About one pound of alumina and one pound of soda are lost for 
each pound of silica in the bauxite. 

During World War II, the Combination process for treating low-grade bauxiles 
containing up to about 15% silica was put into commercial operation. In this process, 
the ved mud from the Bayer digestion (carrying substantial values in alumina and 
soda) is mixed with appropriate amounts of soda ash and limestone and sintered, The 
resultant sinter is treated with water to form a sodium aluminate solution and leave 
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Fig. 1. Bayer process for producing alumina. 


the silita combined as an insoluble dicaleium silicate. After separation from the in- 
soluble mud, the sodium aluminate solution is added to a fresh charge in the Bayer 
digester. Both soda and alumina values, which are normally lost in the red mud, are 
recovered in this manner. The Combination process makes possthle the economic ex- 
traction of about 85 to 90% of the alumina.in high-silica bauxites. This figure com- 
pares favorably with the 80-85%, which the Bayer process gives with commercial low- 
silica bauxites. The process is valuable in making available for commercial use ex- 
tensive depasits of low-grade bauxite, which cannot now be economically treated by 
the Buyer process. 

A variety of other processes have been proposed for extracting alumina from 
bauxite, clay, alunite, and aluminous silicates. To date, however, none of these proc- 
esses has proved commercial except under special circumstances. The Pedersen 
process is one that has been operated successfully in Norway. In this process, bauxite, 
iron ore, lime, and coke are smelted in an electric furnace to produce iron and a molten 
calcium aluminate slag. The crushed slag is leached with hot sodium carbonate solu- 
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tion containing a small amount of sodium hydroxide. Alumina hydrate is precipitated 
from the filtrate by the addition of carbon dioxide. The hydrate, after filtration and 
washing, is calcined to alumina. 

Alumina may be extracted from various ores by acids, such as sulfuric or acid 
sulfates, hydrochloric, hydrofluoric, and nitric. These processes present the difficult 
problem of removing iron and have the disadvantage of requiring acidproof equipment 
for parts of the process. Efficient recovery of the acid is also necessary if the process is 
to compete with the Bayer process. 


PRODUCTION OF ALUMINUM FROM ALUMINA 


The Hall-Héroulé process depends upon the discovery that alumina would dis- 
solve in molten cryolite and that metallic aluminum could be electrolytically deposited 
from this solution without appreciable decomposition of the electrolyte. 

The electrolytic cell consists essentially of a steel box lined with carbon. A dia- 
gram of such a cell is shown in Figure 2. The carbon lining, which is formed from a 
mixture of coke, pitch, and tar, 
is tamped into place and then 
Frozen crust baked at a Mgh temperature. 
of electrolyte The carbon anodes are made 
and alumina M . 

from a similar mixture and are 
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usually square or rectangular 
in cross section and about 12- 
20 inches in size. The anodes 
Fig. 2. Electrolytic cell for production of aluminum. are suspended from a bus 
structure, which can be raised 
or lowered as necessary; the height of the carbon anodes can also be individually 
adjusted. In the course of the electrolysis, the anode carbon is oxidized to carbon 
dioxide. 

The Soderberg continuous self-haking electrode is also used, and consists of a 
single, large, rectangular, aluminum mantle or casing extending from the cell to a plat- 
form above the cell. The carbon mix is &dded from above; the lower end of the anode 
is baked by the leat from the cell and the current passing through the electrode where 
it has become conducting. As carbon is consumed at the lower end of the anode during 
electrolysis, more mix is added at the top, and the mantle or shell is added to from time 
to time, so that operation is continuous. Current is introduced through clamps at the 
side and near the cell level. The particular advantage of this clectrode is that it docs 
away with the necessity for a separate plant for the production of carbon electrodes 
(see Carbon). 

The size of the cell is determined in largo part by the clectrolyzing current that is 
to be employed. In 1947, currents of 20,000-50,000 amp. were commercially used. 
The voltage drop across a cell is on the order of 5-6 v. and the cells are arranged in 
series with about 100 cells in a linc. 

In operation, the cell is filled with molten cryolite and the electrolyte maintained 
in molten condition by the heat resulting from the passage of the electrolyzing current 
through the electrolyte. A nice balance is required of the operating conditions so that 
the electrolyte will he maintained fluid and at the most desirable operating tempera- 
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ture, which is just under 1000°C. The heat lost through the cell walls should be such 
that a thin protective layer of electrolyte freezes on the sides of the carbon lining. A 
protective erust of electrolyte should also form on the surface of the bath, around and 
between the anodes. When these conditions are properly maintained, the cell lining 
will give long service; volatilization of hath and burning of the exposed anodes are 
reduced to à minimum. 

The molten aluminum is heavier than the cryolite electrolyte and accumulates in 
the bottom, of the cell, where it serves as cathode. It is removed from time to time by 
tapping or by siphoning from the cell. Owing to the electrolytic oxidation of the 
anodes, approximately ?/, lls. of carbon is consumed for each lb. of metallic aluminum 
produced, Any impurities in the anodes, such as iron or silicon, are dissolved by the 
bath and reduced with the alumina, thus coutaminating the metallic aluminum. Tt is 
essential, therefore, that not only the alumina but also the materials used in the pro- 
duction of the carbon electrodes be of high purity. 

The electrolyte may be cryolite, but it is common practice to add a small amount 
of ealetum fluoride to lower the melting point and increase the Auidity of the bath. 
Through drag-out, absorption ly the lining, and in other ways, there are small losses, 
so that there is some consumption of electrolyte, although it is less than 0.1 Ib. per lb. 
of aluminum produced. Approximately 2 lb. of alumiua is required to produee 1 1b. of 
aluminum. The gross power requirement is about 10 kcw.-hr. per Ib. of aluminum. 

The solubility of alumina in the electrolyte is somewhat limited. The bath nor- 
mally carrics about 5% almina in solution, When this amouut is substantially reduced, 
say to about 395, the so-called anode effeet occurs. The anode effect is evidenced 
by a sharp rise in the voltage drop across the cell, by an increase in the heat liberated 
in the cell, and by arcing between the carbon anodes and the electrolyte. The anode 
effect is quickly suppressed by stirring more alumina into the electrolyte. The elec- 
trolyte then appears to wet the anodes as in normal operation, and electrolysis proceeds 
quiekly until the alumina content is again drastically reduced and another anode effect 
appears. | 

Electrothermal Reduction of Alumina. The temperature required for the reduc- 
tion of alumina by earbon is so high that it is not practical to produce metallic alumi- 
num by procedures similar to those used for other base metals, such as iron, copper, 
and zine. There are other difficulties also. The reduction of alumina by carbon is not 
rapid until a temperature of about 1800°C. is reached. This temperature, however, is 
so close to the boiling point of aluminum that the vapor pressure of the aluminum is 
quite high. Furthermore, the volume of gas formed by the oxidation of carbon is ex- 
tremely large. All of these factors make it difficult: to recover the metallic aluminum. 
Asa matter of fact, this has heen done practically by only absorbing the aluminum in a 
less volatile metal, such as iron, silicon, or copper. This results in the formation of an 
alloy that must either be used as such or refined in some manner. Alloys of this type 
have been produced from time to time, but there has been very little practical use for 
such a process in America, A small tonnage of aluminum-iron-silicon alloy produced - 
in this way has been used inthe deoxidation of iron and steel. 

Electrolytic Refining. for many years, the purest aluminum produced was that 
obtained by the Hall-Héroult process and that metal at best was not over 99.9% pure 
because of contamination from iron and silicon in the bath, the alumina, and the car- 
bons. However, about 1924, the Hoopes electrolytic-refining process was introduced, 
by which aluminum having a purity of 99.99+% has been produced. The Hoopes 
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process uses a fused salt electrolyte in a refining cell holding three liquid layers. The 
bottom layer is a molten heavy aluminum-eopper alloy, containing about 2506 or more 
of copper, which serves as anode; on top of this anode alloy floats the somewhat lighter 
electrolyte comprising eryolite, aluminum fluoride, barium fluoride, and alumina. 
Floating on top of the bath is the cathode layer of pure refined aluminum. Electrical 
contact is made with this aluminum layer by means of graphite electrodes. In opera- 
tion, aluminum is dissolved from the aluninum-copper anode and redeposited at the 
cathode. The pure refined aluminum is removed from time to time and aluminum of 
lower purity added to the heavy alloy. Continued experience with this refining process 
has made it practical to produce aluminum of 99.99% purity on a commercial scale. 
The power required is about equal to that requived for production by the electrolytic 
reduction of alumina. 
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Fig. 3. Imports, exports, and apparent consumption of aluminum, 1915-1945 (16), 


ECONOMIC ASPECTS 


Aluminum, wong with iron, copper, zinc, and lead, is one of the five major metals 
of industry. In considering production statistics, the tonnage figures of aluminum 
should be multiplied by three to compare them on a volume basis with the other heavy 
metals such as iron, copper, and zinc. 

The consumption of aluminum has greatly increased since 1920. In 1939 the U.S. 
and Canada produced about 250,000 tons, whereas production in the rest of the world 
(Europe and Japan) amounted to about 500,000 tons. During World War II, produc- 
tion facilities were greatly increased, particularly in the U.S. and Canada, where the 
inerease was manyfold, and the installed capacity reached a value of about 1,000,000 
tons in the U.S., and 500,000 tons in Canada. 
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Figures 3 and 4 give data on the trend of the consumption in the U.S. for the 
period 1915-1945, and also data for the price of metal over the same period. During 
World War IT the price of ingot was reduced from 20¢ to 154 per Ih. In the U.S. there 
is a tariff on aluminum of 3¢ per Ib. 

A substantial portion of the pro- 
ducing capacity installed in the U.S. 
during World War II was erected to 
meet the needs of the military forces 
and was financed with government 1015 1920 1925 1930 1935 1940 1945 
funds. Some of these plants were YEAR | 
operated with high-cost power and will Fig, 4. Price of aluminum, 1915-1945 (16). 
be uneconomical to operate in the post- 
war period. However, many factors, including a lower price for aluminum, seem to be 
combining to produce expanded markets, and a marked increase in civilian eonsump- 
tion is being experienced. 





PRICE, cents per Ib. 


Alloys 


Commercially pure aluminum inay eontain up to 196 iron, silicon, and copper. 
These clemeuts act as alloying components and produce generally beneficial effects, 
increasing the strength and hardness of the metal. Usually different combinations of 
copper, silicon, magnesium, manganese, nickel, chromium, zinc, and iron form the 
principal additions for alloys for making castings and various wrought products. Small 
percentages of other elements may be added at times to obtain specific effects. At 
the freezing point of aluminum, most of the metals are completely miscible with 
aluminum in the liquid phase. Bismuth, cadmium, lead, sodium, and potassium 
however, are only partially miscible but their solubilities increase somewhat with 
rising temperatures. 

When other elements are added, they may be present in several different forms, as 
for instance, particles of tho elementa themselves, as solid solution with the aluminum, 
as intermetallie compounds by eombination with aluminum, or as mixtures of these 
several phases. The first addition of another element generally lowers the freezing 
point; this continues until a certain proportion of the added element has been reached, 
after which the freezing point will again rise to a value that may or may not be higher 
than that for pure aluminum. "The alloy with the lowest freezing point is called the 
cutectic alloy and the freezing point for this alloy is termed the eutectic temperature, 

Alloys for making castings ean be classified in two general groups. In one are 
those that derive their strength and hardness solely from alloying; in the other are 
the alloys that depend upon both composition and heat treatment for their properties. 
Some alloys are suitable for making various types of castings, whereas others are more 
suitable for making wrought products. Alloys for castings generally contain somewhat 
larger amounts of added elements than those for wrought products. Much of the 
tonnage of commercial castings produced in the U.S. contains, as principal alloying 
additions, either copper or silicon or a combination of these two elements, or copper 
and zine with controlled iron content. Although the nonheat-treatable-type casting 
alloys will adequately meet many of the requirements for castings, there are numerous 
applications for which the higher properties of such heat-treatable alloys as Nos. 195, 
220, 355, and 356 may be required (see Table VI). 
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Alloys employed for making wrought products such as plates, rods, bars, extru- 
sions, and forgings contain smaller amounts of alloying additions than those employed 
for castings, in order to permit ready fabrication by various hot- and cold-working 
procedures. The wrought aluninum alloys can be grouped into two classes also (see 
Table VIL). One covers the nonheat-treatable alloys, which can be strengthened and 
hardened only by cold working. This class comprises alloys Nos. 28, 35, 528, and 508, 
whieh develop tensile strengths ranging from 24,000 to 58,000 p.s.i. in the hard-rolled 
temper. The other class ineludes heat-treatable alloys Nos. 148, 178, 245, 53S or 
1353, 615 or R361, and 758 or R303. These alloys can be hardened and strengthened 
appreciably by heat treatment, and have tensile strengths comparable to those of 
structural steel, ranging from 45,000 to 88,000 p.s.i. 

The clad type of sheet product is used extensively for aircraft and many other 
applications. This type of product consists of either heat-treatable or nonheat-treat- 
able alloys, which are coated ou one or both surfaces with thin integrally bonded layers 
of relatively pure aluminum, or another alloy, to obtain certain combinations of char- 
‘acteristics. For airplane construction, Alclad 148 or R301, Alclad 248, and Alelad 758 
sheet are used. These products are made of 148, 248, or 758 alloys with pure metal or 
the requisite type of alloy coating to provide a combination of high strength and maxi- 
mum resistance to corrosion. Tor brazing applications, Alcoa Brazing Sheet consists 
of & 28, 88, or 618 core with a thin coating or coatings of an aluminum-silicon alloy. 
The coating has a lower melting point than the core material and on heating, it melts 
and flows to form a brazed joint. For making a material that has superior reflecting 
characteristics for use as aluminum reflectors, 28 and 38 alloys are coated with a thin 
layer of high-purity aluminum to obtain a uniform and highly reflecting surface. 


TABLE IV. Nominal Composition of Sand-Casting Alloys.* 


























An Alloying elements, "5 (aluminum and normal impurities constitute remainder) 
ο m e mee ο LÀ 
y Cu Το 81 Zn Mg Ni Mu 
43 — — 5.0 — -- — — 
47 — — 12.5 —— —- — — 
108 4.0 — 3.0 — — — 
112 7.0 1.2 --- 1.7 — -= — 
122 10.0 1.2 --- 0.2 v — 
142 1.0 — — — 1.5 2.0 — 
195 1.5 — — — — — -- 
212 8.0 1.0 1.3 — — --- -- 
214 — — M -- 3.8 --- 

220 — — — — 10.0 — --- 
AS84 3.0 -- 4.0 --- 0.3 — — 
355 1.8 — 5.0 — 0.5 — — 
A355 1.4 — 5.0 — 0.5 0.8 0.8 
356 — — 7.0 -- 0.3 — -- 
645 2.8 1.2 a 11.0 — — -- 














a Heat-treal ment symbols have been omitted since composition does not. vary for different heat- 
treatment practices, ` 


The range of properties obtainable with both cast and wrought alloys and the 
selection of an aluminum alloy for any given application are determined by the combi- 
nation of characteristics required. The nominal compositions of commercial cast and 
wrought alloys are given in Tables IV and V, and the typical mechanical and physical 
properties of these alloys are listed in Tables VI and VII. In these tables, the symbol 
following the letter “S” in the alloy designation indicates the temper; thus “O” indi- 
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cates the annealed temper; “H,” hard temper obtained by cold working; and "T," 
the heat-treated temper resulting from a solution treatment and an aging treatment. 
In some alloys the temper resulting from aging at room temperature after a solution 


treatment is designated by the letter “W.” 


TABLE V. Nominal Composition of Wrought Alloys.” 


Alloying elements, 


% (aluminum and normal impurities constitute remainder) 






































Alloy ST a - - —— 
Cu Si Mn My Zu Ni Cr Ph Bi V 

28 — — — — — -— — --- — -- 
38 — — 1.2 — —- — — —- =- 
115 5.5 = -— 0.5 0.5 -= 
145 4.4 0.8 0.8 0.4 — -- — — —- 
175 4.0 -- 0.5 0.5 -— — -- --- — — 
AVIS 2.5 — 0.3 — — - -— — — 
188 4.0 — -— 0.5 — 2.0 — - — — 
248 4.5 — 0.6 1.5 — — — --- — — 
258 1.5 0.8 0.8 — --- — — -- --- — 
325 0.9 12.5 — 1.0 — 0.9 — -- -- -- 
ASIS -- Ε.Ω -- 0.6 --- — 0.25 - — -- 
528 — -- 2.5 -- — 0.25 — — — 
5385 — 0.7 - 1.3 -— — 0,25 — -- = 
568 — — 0.1 5.2 — — 1.1 -— — — 
618 0.25 0.6 — 1.0 — -— 0.25 — — στ 
758 1.6 — 0.2 2.5 5.6 — 0.3 — — — 

11301 

core 4.5 1.0 0.8 0.4 — — — -- — — 
coating — 0.8 0.5 1.0 -- --- — -— — — 
1303 1.3 0.5 0.1 2.5 6.5 0.15 0.27 — — 0.1 
R317 4.0 — 0.5 0.5 -- — — 0.5 0.5 — 








Com- 





TABLE VI. Typical Mechanical and Physical Properties of Sand-Casting Alloys. 


4 Heat-treatment symbols have been omitted since composition does not vary for different heat- 
treatment practices. . 
































Tension pression Hurd- Shear [Fatigue 

E * M d a 8 i3 

5 á £ [a & |3$ | 4 Ξ Ε . | $8 

F EN 8 e ας | 8 8 B g Sii 

: a | 3 4 | ἂν |53) ἃ 2 a | E LBS 

i E3 | s | 2 | 8 |58| ἃ 3 = | ze | 

[7 d n z . E . A Ἐ 3 EE 

& | 35 | 4 |8 | x [2| 23 13 | 8| 2 | 8188 

d De Ba |E Ba | as] aa a δὲ E Η8 | a3 
43 9,000 19,000 6.0 | 10,000 40 | 14,000 | 6500 | 2.66 | 0.096 37 0.34 
AT 11,000 | 26,000 7.0 | 11,000 50 | 18,000 | 6000 | 2.65 | 0.096 40 0.37 
108 14,000 | 21,000 2.5 | 14,000 55 | 20,000 | 8000 | 2.75 | 0.099 31 0.29 
112 14,000 | 24,000 1.5 | 17,000 70 | 20,000 | 9000 | 2.85 | 0.103 30 0.28 
122-T61 | 30,000 | 40,000 — 43,000 | 115 | 29,000 | 8500 | 2.85 | 0.103 33 0.81 
142-T61 | 82,000 | 37,000 — 47,000 | 105 | 82,000 | 8000 | 2.73 | 0.099 37 0.35 
195-T4 16,000 | 32,000 8.5 | 16,000 60 | 24,000 | 6000 | 2.77 | 0.100 35 0.38 
195-T62 | 30,000 | 40,000 2.0 | 38,000 95 | 80,000 | 6500 | 2.77 | 0.100 37 0.34 
212 14,000 | 23,000 2.0 | 14,000 65 | 20,000 | 8000 | 2.83 | 0.102 30 0.28 
214 12,000 | 25,000 0.0 | 12,000 60 | 20,000 | 7000 | 2.63 | 0.095 36 0.32 
220-T4 | 25,000 | 46,000 | 14.0 | 26,000 | 75 | 33,000 | 7000 | 2.56 | 0.002 | 21 | 0.20 
A834 18,000 | 25,000 32.0 | 22,000 65 | 24,000 | 8500 | 2.73 0.099 31 0.29 
355-T51 | 20,000 | 28,000 1.5 | 24,000 65 | 22,000 | 7000 | 2.74 | 0.090 32, | 0.31 
356-T6 24,000 | 33,000 4.0 | 22,000 70 | 27,000 | 8000 | 2.68 | 0.095 39 0.36 
645 17,000 | 29,000 4.0 | 20,000 70 | 22,000 | 7500 | 2.94 | 0.106 | 88 0.31 


* Per cont of International Annealed Copper Standard. 
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TABLE VII. 'Fypieanl Mechanical and Physical Properties of Wrought Alloys. 


















































Tension Tlard-| Shear Fatigue 
i a e eer ness |------------ T 
Elongation, 
% in 2 inches 

2 Ξ È a | 3_| 4 5 = 5 2 | $4 

5 2a 3 s8| xd | YE f 5 : & |£3| 88 

5 3. fo | 2| 22] 828 | δη 3 5 $ | 33| 55 

z BB Bd | ao | ας | απ δά a a Ε |S | Bs 
28-O 5,000 | 13,000 35 45 23 9,500 5,000 | 2.71 | 0.008 59 | 0.54 
28-11 21,000 | 24,000 5 15 +t | 18,000 8,500 | 2.71 | 0.098 57 | 0.52 
35-0 6,000 | 16,000 30 40 98 | 11,000 7,000 | 2.73 | 0.099 50 | 0.45 
38-H 25,000 | 20,000 4 10 55 | 16,000 | 10,000 | 2.78 | 0.0998 40 | 0.47 
118-T3 | 47,000 | 53,000 --- 15 95 | 30,000 | 12,500 | 2.82 | 0.102 | 40 | 0.37 
L48-T 60,000 | 70,000 -=~ 13 135 | 42,000 | 18,000 | 2.80 | 0.101 40 | 0.37 

Ale. 148-T 58,000 | 65,000 9 9 — | 40,000 — — -= — — 
173-T 40,000 | 62,000 — 22 105 | 38,000 | 18,000 | 2.79 | 0.101 30 | 0.28 
185-T 40,000 | 55,000 .. 10 100 | 39,000 , 17,000 | 2.80 | 0.103 | 40 | 0.37 
A17S-T 24,000 | 43,000 — 27 70 | 28,000 | 18,500 | 2.74 | 0.099 | 40 | 0.37 
248-r 46,000 | 68,000 19 22 120 | 41,000 | 18,000 | 2.77 | 0.100 30 | 0.28 

Ale. 245-T 43,000 | 64,000 | 18 | — -- — = — — --- -- 
258-T 30,000 | 35,000 -= 16 100 | 35,000 | 18,000 | 2.70 | 0.101 | 40 | 0.37 
328-T 40,000 | 52,000 — 5 115 | 38,000 | 16,000 | 2.69 | 0.007 | 35 | 0.32 
525-0 14,000 | 29,000 25 30 45 | 18,000 | 17,000 | 2.67 | 0.096 | 40 | 0.37 
528-H 36,000 | 41,000 7 8 85 | 24,000 | 19,000 | 2.67 | 0.096 | 40 | 0.37 
538-T 33,000 | 39,000 — 20 80 | 24,000 | 13,000 | 2.69 | 0.097 | 40 | 0.37 
568-0 20,000 | 2,000 — 35 — c — 2.64 | 0.005 29 | 0.28 
56S-H | 48,000 | 58,000 | — 7 — — — 2.64 | 0.095 | 27 | 0.26 
618-T 40,000 | 45,000 12 — 95 | 30,000 | 13,500 | 2.70 | 0.098 | 40 | 0.37 
758-I* | 80,000 | 88000 | — 10 | 150 | 47,000 | 22,500 | 2.80 | 0.101 | 30 | 0.28 

Ale. 758-T | 07,000 | 76,000 | 11 | — | — | 46,000) — L — jo} os 
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* Alloys R301, R361, R353, and R303 are similar to Alclad 148, 618, 538, and 758 alloys with 


The alloys have a more complex 
structure than commercially pure 
aluminum, as they contain phases of 
different characteristics in various 
states of distribution. In general, the 
characteristics of an alloy are depend- 
ent upon the specific alloying ele- 
ments, and the amounts, combinations, 
and distribution of these elements in 
the structure. Phase diagrams of the 
most important aluminum-alloy sys- 
tems are given in Figures 5 and 6. 
These embrace binary-aluminum al- 
loys, containing copper, silicon, mag- 
nesium, manganese, magnesium sili- 


Usually small percentages of iron and silicon are present in com- 
Consequently, the phase diagram for the 
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aluminum-iron-silicon system is of considerable importanee. For more complete in- 
formation on these systems, the technical literature should be consulted. 


METALLOGRAPHIC CHARACTERISTICS 


‘Commercial alloys are chiefly of the hypoeutectic type and their solidification be- 
gins with the separation of aluminum or aluminum-rich solid solutions from the melt as 
primary dendrites. Aluminum castings and ingots have a heterogeneous structure 
characterized by a dendritic pattern and a constituent network. Typical microstruc- 
tures of two casting alloys in the ‘‘as-cast’’ condition are illustrated by Figure 7, (a) and 
(b). One of these, No. 48 alloy, is of the nonheat-treatable type; the other, No. 195 
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(a) No. 48 alloy sand casting. (b) No. 195 alloy sand casting “as 
(250) east.’ (250) 





δα 
(c) No. 195-T4 alloy casting after (d) No. 195-T6 alloy casting after 
solution heut treatment. © 250) solution and precipitation treatments. 


(X 250) 





(e) 178 alloy sheet ingot. (9250) (f) Hot-rolled 248 alloy slab, (0x 250) 


Fig. 7 (a-f). Microstructure of aluminum alloys. 


alloy, is of the heat-treatable type. When an alloy of the type shown in Figure 7(b) 
is heat-treated, the soluble constituents will be dissolved and the matrix will appear 
as a solid solution without any evidence of coring as illustrated by Figure 7(c). A pre- 
cipitation treatment will tend to decrease grain contrast in the microstructure of this 
alloy, since it will precipitate copper from the solid solution in the form of CuAl 
particles along grain boundaries aud within the grains: Most of the precipitate from 
a treatment of this type is much too fine to be resolved by the optical microscope. 
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(4) Anneuled 248 alloy sheet (248-0). (5 14S alloy sheet after solution heat 
(250) treatment (148-T). (250) 





(ic) 14S alloy shoet after solution and (7) Cross section showing eoating and 
precipitation treatments (148-T). core portions of Alclad 248-T shect. 
(X250) (x100) 


Fig. 7 (g-l). Microstructure of aluminum alloys. 


The effect of a precipitation treatment on the microstructure of No. 195 alloy is shown 
by Figure 7(d). 

When aluminum-alloy ingots are made into wrought products, the macrostructure 
and microstrueture of the alloy are altered in relation to the type and degree of work- 
ing, as well as by thermal treatments. Hot working changes the relatively large ‘‘as- 
cast-cored” grains into fibers or fragments that may or may not reerystallize as new 
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grains during the working operations. "Thus, the original grains of the cast ingot (Fig. 
7(e)) tend to become flattened and elongated in relation to the type and extent of 
working. The microstructure of a hot-worked ingot of 245 (Duralumin type) is shown 
by Figure 7(f). 

After the structure of aluminum-alloy products has been refined sufficiently by 
hot working, further working can be done at temperatures below those at which re- 
crystallization or annealing will oceur. Cold working will cause additional refinement 
of the grain structure by breaking the grains into fragments and changing the constitu- 
ent pattern. In eold-worked alloys, work lines are frequently apparent and it is some- 
what difficult to reveal any evidence of grain boundaries by the usual etching treat- 
ments. The microstructure of a cold-worked alloy is shown by Figure 7(g). 

Annealing of cold-worked alloys causes recrystallization and the formation of new 
grains from the grain fragments produced by cold working, With some alloys or with 
small amounts of cold working, it is not always possible to determine whether or not 
any reerystallization has occurred. Usually, however, the annealed alloys are charac- 
terized by a more or less equiaxed grain structure that ean be revealed readily by eteh- 
ing. The structure of annealed aluminum sheet (28-O) is shown by Figure 7(R). In 
the case of heat-treatable alloys, however, the annealing treatment must induce suffi- 
cient precipitation and agglomeration of the hardening constituents to obtain the 
maximum degree of softening, The microstructure of 248-0 alloy sheet shown in 
Figure 7(2) is typical. 

When an alloy of the heat-treatable type is heat-treated, marked changes occur in 
the microstructure. The most important change is caused by solution of the various 
hardening constituents during the heating cycle, since the elements that are dissolved 
are subsequently retained in solid solution by quenching. Thus, the microstructure of 
a heat-treated alloy is essentially that of a solid solution of the various elements in 
aluminum, although there will be residual particles of soluble hardening constituents 
that have not heen completely dissolved, as well as particles of the relatively insoluble 
constituents always present in a particular alloy. The microstructure typical of the 
duralumin-type alloys, which have copper as their principal hardening component, is 
illustrated by Figure 7(j).. The coloring of the grains is an etching effect, not an indi- 
cation of precipitation. 

The precipitate particles that are responsible for the age hardening of these heat- 
treatable alloys at room temperature arc much too small to be resolved by. the optical 
microscope. Some alloys, however, do not age-harden as rapidly or as completely at 
room temperature as others, and must be given a precipitation treatnient to accelerate 
the age-hardening reaction. The effects of a precipitation treatment are usually evi- 
dent to some degree in the mierostructure, especially in alloys containing copper. 
After a precipitation treatment, aluminum alloys containing copper as the principal 
alloying constituent will show considerably less grain contrast on etching and will 
usually have many very fine particles of precipitate along grain boundaries and within 
the grains. The microstructure of a precipitation-hardened alloy of the 148 type is 
illustrated by Figure 7(k). 

The clad type of material is interesting from the metallographic point of view, as 
the coating and core portions of this product are of different alloys and different struc- 
tures. A typical example of the structure of a sample of Alclad 248-T sheet is shown 
by Figure 7(2), in which the pure-aluminum coating on one surface of the sheet and a 
portion of the 248-T core are evident. 
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HEAT TREATMENT 


An important, characteristic of some aluminum alloys is their response to heat 
treatment. Heat treatment differs from annealing, since it strengthens and hardens 
the material, whereas annealing softens it. Not all alloys respond to heat treatment, 
as the response of an alloy is dependent upon its composition. 

The reactions involved in the heat treatment of aluminum alloys are principally 
solution and precipitation, as no allotropic changes occur. In castings, solidification 
and cooling occur under conditions that produce a heterogeneous structure. Most of 
the matrix will be low m the alloying constituents and the dendrite and grain bound- 
aries will be high in these constituents. The constituent network, which is hard and 
brittle, will strengthen the matrix but at the same time will reduce the ductility. This 
does not represent the most effective distribution of the alloying elements for strength 
and hardness. 

Most of the elements that are added for alloying purposes are more or less soluble 
in solid aluminum and will form solid solutions. Furthermore, the solid solubility is 
appreciably greater at temperatures near the melting point of the alloy than it is at 
lower temperatures. The solubility relations of the principal alloying additions are 
shown in Figure 8. The change in solubility with temperature makes possible the heat 
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treatment of alloys containing these elements. Only iu those alloys in which the 
hardening constituent is appreciably soluble, and in which there is a marked difference 
in the solubility at high and low temperatures, are the full benefits of heat treatment 
obtained. Typical heat treatments for some cast and wrought alloys are listed in 
"Tables VIII and IX. 


TABLE VIII. Heat Treatments for Casting Alloys. 














Solution treatment Precipitation treatment" 
Alloy and temper ‘Time, Temperature, Quonch (water) Time, Temperature, 

hours or, temperature, °F, hours ay. 

122-T61 | 6 960 150-212 10-14 810 
195-T4 12 960 150-212 — — 
195-T6 12 960 150-212 8-6 310 
195-T62 12 960 150-212 14-18 310 
355-T6 12 . 980 150-212 3-5 310 

385-T61 12 980 150-212 8-10 810: 
356-T4 8 1000 150-212 — — 
356-T6 8 ` A 1000 150-212 3-5 810 








a Nome precipitation treatments for aluminum alloys are patented. 
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TABLE IX. Heat Treatments for Wrought Alloys. 





























Solution treatment Precipitation treatment 
Te Temper 
Alloy Temper- Queneh Tamper ''emper- Time, d sip 
ature, °P.” nation ature, °F, hours nation 
118 930-050 Water lig-W 310-330 14 ΗΡ.Τ 
148 925-950 Water 148-W 320 i8 145-79 
A175 875-950 Cold water — 70 4 (days) AITS-T 
178 925-950 Cold water -— 70 + (days) 178-T 
248 910-030 Cold water — 70 A (days) 245-T 
ο. 588 930-950 Cold water 535-W 345-355 8 538-T 
' 930-950 Cold water §39-W 315-355 6 538-T61 
960-1010 Cold water 538-W 315-325 18 538-T 
618 960-980 Cold water GIS-W 315-825 18 618-T 
345-355 8 615-T 
758 890-030 Cold water -= 245-255 24 7585-Y 
860-880* 








® The time at temperature is from 10 to 60 minutes, depending upon (he size of the load and the 
thickness of the material. 

b Extrusions. 

¢ Some precipitation treatments for alaminum alloys are patented. 


Tn heat treatment, the material is heated to a temperature just below the point at 
which eutectic inelting will occur, for sufficient time to get effective solution and dis- 
tribution of the various hardening con- 






18 stituents. When the hardening con- 
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E 340°F, 4 Yield - : . 

9 strength | be substantially retained by rapidly 
E quenching the material Immediately 


ω 
e 


320"Ε. after quenching, heat-treated alloys have 


34 a strength, intermediate between that of 
2 annealed material and fully heat-treated 
ὃ 16 material and they are readily workable. 
Zu During subsequent aging at ordinary 
E temperatures, the strength and hardness 
Ξ 12 will increase for a period of several days 
τ 10 


0 2 4 6 8 10 1 14 16 18 or more. This increase in strength and 

AGING TIME, hours hardness is termed natural aging. All 

Ἔα. 9. Age-hardening curves for 61S alloy. heat-treated aluminum alloys age- 

harden naturally to some degree. The 

increase in strength on aging is attributed to the precipitation of some of the harden- 

ing constituents from the solid solution in the form of submicroscopic particles, which 

are of the optimum sizc, number, and distribution to be effective in preventing easy 
slip on the crystallographic planes of the solid-solution lattice. 

The alloys that do nat age-harden to their maximum strength at room tempera- 
ture can be further strengthened ancl hardened by an artificial aging treatment. Such 
treatment causes precipilation from the solid solution and produces the critical dis- 
persion of submieroscopic particles of constituent to increase the strength and hard- 
ness. The time and temperature of artificial-aging treatments vary with the type of 
alloy, beeause the rates of precipitation and growth of the particles to critical sizé differ 
with the different hardening constituents. A typical family of curves for the age hard- 
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ening of a heat-treatable alloy of the 618 type at various aging temperatures and with 
various aging periods is shown by Figure 9. 

Heat-treated alloys are relatively soft and workable immediately after quenching 
but soon start to harden rather rapidly upon aging, with a subsequent decrease in 
workability. The natural age hardening that occurs in these alloys can be effectively 
delayed or retarded by chilling the material right after quenching and maintaining it at 
a low temperature (—30°F. to 4-32?1).. Thus, heat-treated rivets or other products 
of these alloys can be kept in a relatively soft or workable condition for periods of from 
one day to several weeks or more, depending upon the temperature of storage. 


Fabrication and Finishing 


Aluminum and its alloys are made into all of the’ forms in which metals can be 
fabricated. These range from heavy plate, through various gages of sheet, to ex- 
tremely thin foil; from rod 8 in. in diameter to very fine wire; from small extruded sec- 
tions to large structural shapes; from eapillary tubing to tubing 10 in. in diameter. 
They include, also: sand or sand castings, permanent mold and die castings, various 
types of forgings, pressing and impact extrusions, as well as rivets and serew-machine 
products. These products are made in many different alloys and tempers and have a 
wide range of properties and applications. 

Melting Practices. The low-melting temperatures of aluminum alloys facilitate 
melting operations and the selection of inaterials aud equipment for handling the 
metal. For normal alloying aud casting operations, metal temperatures ranging from 
1275 to 1450° F. axe employed. The oxide film that forms on the exposed surface of 
molten aluminum cheeks further oxidation and minimizes absorption of gases from the 
surrounding atmosphere, Because of the protective character of the oxide film, a flux 
cover is not needed during melting. Several types of fluxing are subsequently used 
to improve the quality of tle charge with respect to inclusions and gas contents. 
Both solid and gaseous fluxes are used; chlorine gas and aluminim chloride are effective 
agents. 

In foundries, melting is usually done in 100 to 1000 Ib. heats, in either stationary- 
or tilting-type pot furnaces, cither gas- or oil-fired. Castings weighing up to 3000 Ib. 
are regularly made. In the melting of alloys for making ingots for wrought products, 
coal- or coke-fired open-hearth furnaces, holding from 27,000 to 40,000 Ib. of metal, are 
used. Oil- and gas-fired open-hearth furnaces are also used. In Europe, some use is 
made of electric- and induction-type furnaces. In some instances, melting is carried on 
continuously; in others, itis done by heats. The charge consists of pig, ingot, and the 
necessary hardeners, frequently in the form of rich alloys with aluminum. The alloy 
charge is fluxed, skimmed, and cast into various sizes and types of ingots depending 
upon the type of product. For sheet, ingots weighing up to 3300 1b. are usually em- 
ployed. 

Fabricating Practices. Prior to rolling, ingots are heated to obtain the best struc- 
ture for hot working and are then hot-rolled to slabs or plates. The slabs are subse- 
quently annealed and cold-rolled to various gages of sheet and foil. Ingots are also 
rolled to rod in rod mills, and the rods may be drawn either hot or cold, or they may be 
hot-rolled to various structural shapes in a merchant mill. Standard 12-in. structural 
channels 98 ft. in length are available. 

Aluminum alloys are particularly adaptable for strong lightweight forgings for 
pistons, airplane propeller blades, crankcases, and other items for the aircraft, auto- 
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motive, textile, dairy, and brewing industries. A variety of parts can be press-forged 
by filling a die cavity with the hot metal, using high pressures. In this process a 
steady pressure is used instead of repeated blows of a forging haminer, Aluminum can 
be fabricated readily by the impact-extrusion process into thin-walled shells, such as 
the collapsible tubes used for tooth paste and cosmetics. 

A large variety of shapes and sections are produced in various aluminum alloys by 
extrusion. In extrusion, the hot solid metal is forced through a die under very high 
pressure and takes the shape of the opening in the die. Hydraulic presses up to 5200 
tons or more in capacity are used for extruding aluminum alloys, aud sections weighing 
up to about 48 lb. per ft. are produced commercially. Extruded shapes and sections 
are employed in aircraft, railway cars, buses, trucks, and many architectural applica- 
tious. In relation to the stresses a part must withstand, it is possible to get a more 
effeetivo distribution of metal in extrusions than in rolled shapes. Extrusions simplify 
structural design and make available many shapes uot obtainable by other methods. 

Aluminum in comminmited form ranges from shot or granules to very fine powders. 
Granulated aluminum is made by pouring the molten metal through a vibrating iran 
sieve and allowing the irregular-shaped particles up to !/; in. in diameter to drop into 
water. It is used in the deoxidation of steel and for other metallurgical purposes. 
Grained aluminum of about 8 mesh is produced by stirring the molten metal while it is 
solidifying and in a hot-short condition. Atomized aluminum consists of fine droplets 
made by disintegrating a thin stream of molten aluminum with a blast of air. It finds 
application in the compounding of explosives but it is used chiefly for the production of 
aluminum pigment (see Pigments). For pigment, the finely divided powder is in the 
form of flakes and generally carries a surface film of stearic acid to promote leafing. 
Although aluminum pigment can be produced in stamp mills, at present much of it is 
manufactured in ball mills, in which a charge of atomized aluminum, mixed with 
mineral-spirits thinner and a leafing agent, is subjected to the impact of many small 
steel balls. The original particles are beaten into tiny flakes and made smaller and 
smaller by the pounding from the steel balls. The product is commonly sold in the 
form of a metallic paste. The ‘wet-ball’’ milling process is particularly efficient in 
producing a fine-flake pigment; it also eliminates the dust hazard present in the 
stamping process. 

Aluminum foil is produced by rolling sheet to thicknesses less than 0.006 in. Foil 
in the thickness range of 0.002 to 0.00025 in. is employed in packaging (see Packages 
and packaging). Its low thermal emissivity and high thermal reflectivity for radiant 
heat make it, an efficient heat insulator when faced by air spaces. Aluminum foil is also 
used for condensers of both the dry and electrolytic types. 

Joining. In the joining of parts and structures of aluminum alloys, riveting, weld- 
ing, brazing, soldering, and nonmetallic bonding may be employed. For assembling 
small parts, various types of rivets and special fasteners of aluminum alloys are used. 
One unique development during World War II was the explosive type of blind rivet, 
which carried an explosive charge in a cavity in the shank. Detonation of the charge 
causes a head to form. For large structural assemblies, hot driven aluminum or steel 
rivets are gencrally used. 

Various welding processes are employed in industry for joining many aluminum 
alloys. These include gas welding with the oxyhydrogen and oxyacetylene torch, are 
welding with automatic and manual carbon ares and’ atomic hydrogen and argon- 
shielded tungsten are, and electric-resistance welding by the spot-seam and butt-flash 
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welding methods. Many developments have been made in clectrie-resistance welding 
with respect to equipment and methods, and this type of welding was employed on a 
large scale in the construction of military aircraft and ordnance equipment. 

In fusion welding, a suitable flux is required to remove the oxide layer and permit 
the liquid metal from the welding rod to unite with the parent metal. Soldering of 
aluminum alloys is feasible with the proper fluxes and solders, but soldered joints are 
not entirely satisfactory unless they eau be protected adequately from moisture pene- 
tration, which would cause electrolytic action. 

A recent contribution to the art of joining metals has been the development of a 
hrazing process for aluminum alloys, With suitable fluxes this process is suitable for 
furnace, tore, and dip braziug of assembled parts. Parts can be joined by using a 
torch or by passing the parts through a furnace with accurately controlled tempera- 
ture, ta effect melting of a silicou-containing brazing alloy, whieh melts at a lower 
temperature than the parts being joined. Complicated assemblies of aluminuni sheet 
may be joined by dipping them in a bath of molten flux, which is operated at the cor- 
reet temperature. Tor some applications, a brazing-alloy sheet of the clad type is used. 
This sheet has a thin layer, on one or both surfaces, of a suitable low-melting alloy for 
braaing purposes. Many aircraft radiators and intercoolers are wow assembled by this 
joming method. 

Another process for joining aluminum parts or ahuninum tu nonmetal parts of 
comparatively recent origin is resin bonding. A variety of such adhesives have been 
developed that can be used for joining in instances where more conventional methods 
are not suitable. 

Serap. Aluminum scrap generally has good recovery value, and its efficient utili- 
zation is an important factor in the economies of the aluminum industry. Serap of 
uniform aud identified composition may be usec in the production of new charges of 
the sume alloy, particularly when remelted in the plant of origin. Sheet clippings aud 
trimmings are frequently usedin this way, as are gates and risers in the foundry. Serap 
of miscellaneous composition aud origin is purchased and remelted in large volume hy 
secondary metal dealers. Remelting is usually done with fluxes, both solid and gase- 
ous, to remove oxide inelusions aud to refine the melt. Additions are also made to 
produce ingot mectiug standard conyposition specifications, Scrap aud secoudary ingot 
are eonszidered by many to be in essential ingredient in the production of quality cast- 
ings of certain types. The anmu consumption of secondary metal is a substantial per- 
centage of the total consumption of nlumimun, anc secondary metal competes with 
primary aluminum for many applications, 


FINISHES 


For many applications, aluminum alloys require no special finishing. A wide 
nuicty of finishes can be applied, however, for special decorative and protective pur- 
poses. These range from mechanical finishe s such as sand blasting, polishing, and 
seratch brushing, to chemical and eleetrochemical treatments lor producing oxide 
coatings, eleetrobrighteuing, and electroplating. Mechanical finishes do not provide 
protection, but they serve in many eases ns initial preparation for eleetrobrightening, 
anodie eoafiug, and electroplating procedures. 
Cleaning is frequently required (o remove oil, grease, and other substances from 
surfaces of aluminum products. For production work, solvent cleaning or vapor de- 
greasing is used, although a simple chemical cleaning solution is often employed. 


618 ALUMINUM 


Many alkaline solutions will remove grease and soil from aluminum but they may 
either etch or discolor the surface. Safe chemieal cleaners are available, however, 
which ean be used. A cleaner of this type may be made from sodium carbonate and 
sodium phosphates suitably inhibited with sodium silicate to eliminate any etching 
suction. 

A bright frosted finish can be produced by a dip in a hot 5-15% caustic soda solu- 
tion followed by a dip in strong nitrie acid. A smooth bright finish can be produced 
by immersion in a solution containiug about 2% by volume of concentrated hydro- 
fluoric acid and 10% by volume of conecutrated nitric acid. The solution, however, 
should not be allowed to becume too warm. For removing oxide films and stains, a dip 
in a solution containing about 10% sulfurie acid and 395 chromie acid, operated at 
1607F., will be found effective. 

lu the use of strong acid or alkaline etching solutions care must be taken to select 
suitable containers aud observe proper safety preeautions. 

Anodic Coating. Oxide films of substantial thickness and abrasion resistance can 
be formed by anodic treatment of aluminum in certain electrolytes usually of an acid 
character. The oxide coating is integral with the aluminum and exhibits excellent 
adherence to the base metal. Anodic coatings are essentially amorphous aluminum 
oxide as far as can be determined by X-ray and electrou-diffraction methods, but they 
may contain other substances absorbed from the electrolyte. 

Processes such as tho A honilite process present a variety of procedures for forming 
anodic coatings and for sealing and coloring them. The electrolyte generally employed 
is an aqueous solution containing about 15-25% sulfuric acid. The thickness of oxide 
coating formed during anodie-oxidation treatment is a function of the amount of cur- 
rent employed. Commercial coatings range from 0.0001 to 0,001 inch in thickness. 
Chromic acid electrolyte Las also been widely used, particularly in the aircraft indus- 
try, Oxalic neid electrolyte has been used alone and mixed with sulfuric acid, 

The anodie coating as formed is minutely porous and it is usually desirable to 
render the coating nonabsorptive to prevent staining. Sealing of the pores is accom- 
plished by treatment in hot water. Properly sealed coatings will not be stained by 
coffee or other colored liquids. Anodic coatings may also be impregnated with a corro- 
sion inhibitor by treatment with chromate solutions. Chromate is adsorbed in the 
coating snd protects against corrosive attack under many exposure couditions. Coat- 
ings sealed with chromate solutions form an excellent paint base and have been used 
extensively for protecting aircraft. 

Anodi¢ coating can be colored by impregnation with organic dyes smd with mineral 
pigments. Coatings colored with organic dyes are substantially permanent indoors but 
are not proof against fading in sunlight. Tose colored by precipitation of mincral 
pigments within the pores are serviceable for outdoor applications. 

Artificial oxide coatings can be formed on aluminum articles by chemical treat- 
ment as well as by electrochemical treatment. These chemical coatings are not as 
thick nor as hard nor as abrasiou-resistant as anodic coatings, but for many purposes 
they are adequate. A hot solution of sodium carbonate and potassium or sodium di- 
chromate in the proper ratio will produce a grayish green oxide coating. The principal 
applications for this coating have been in the treatment of small parts and of articles 
that subsequently are to be painted. — 

Electrobrightening or Electropolishing. Oue of the original electrobrightening or 
electropolishing processes is the sllzak process. Brightening is effected by anoclic treat- 
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ment in a fluoborie acid electrolyte. Eleetrobrightened surfaces of aluminum may 
have a refleetivity as high as 90%. The clectrobrighteued surface of such reflectors 
may be protected with a thin anodic oxide coating, whieh does not reduce the reflec- 
tivity substantially. Several other electrobrightening procedures are available for 
producing decorative finishes, 

Electroplating. Other metals can he electroplated on ahuninum by conventional 
methods provided that the surface is specially treated. Several methods are available; 
one comprises inumersiou of the artiele im a sodium gineate solution. A zine film forms 
on the article by replacement and other metals ean be successfully electrodeposited on 
this flm. Ordinarily successive. deposits of eopper, niekel, and. ehromium are eni- 
ployed, but other metals can he applied over the copper. Plated coatings of brass, 
iron, silver, or chromium ean be formed directly over the gine-imumersion coating, 
Silver plating is used in electrical equipment to obtain decreased contact resistance or 
improved surface couductivity. 

Painting. Ordinarily paints will adhere satisfactorily to the natural oxide flm οι 
aluminum but under severe serviee conditious, sueh as instances where frequent wet- 
ting and drying occur, better adherence is obtained when the surface is given a special 
treatment to incercase its passivity before painting. Removal of oil und grease filiu is 
necessary and ean be accomplished satisfactorily by solvent cleaning ov hy vapor do- 
greasing. Degreasing aud passivation of aluminum surfaces can be accomplished by 
use of a solution coutaining phosphoric acid and suitable grease solvents, usually aleo- 
hol. Chemical and electrochemical treatments that form oxide coatings are very 
good for providing satisfactory surfaces for painting. In primiug paints zine chromate 
(zine yellow) 1s 1n fairly general use, ancl priming paints that employ a synthetic-resin 
vehicle will provide good resistance (o penetration by moisture, Aluminum paint 
provides a very satisfactory top coat for many applications but pigmented coats of 
other colors are usually applied for color, Where protection is a prime requisite, 
synthetic-resin vehicles of high-anoisture resistance and suitable distensibility should 
heused. A transparent protective finish is obtained by applying clear lacquers of the 
methacrylate resin or cellulose acetobutyrate type. Where aluminum is fo remain in 
contact with soil, cement, or plaster, it can be protected effectively with thick coatings 
of a bituminous paint, 


Uses 


In the industrial use of aluminum, there is usually some property or combination 
of properties that makes it particularly adaptable to the application in question. 
Some of these specific characteristics are lightness, strength in alloy form, resistance to 
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corrosion, Ligh electrical aud thermal conductivities, high reflectivity for light and 
radiant energy, and the fact that aluminum is nontoxic, nonmagnetic, and nonspark- 
ing. Table X gives the distribution of aluminum consumption l'or the year 1946. The 
consumption for building products and cooking utensils is somewhat greater than for 
previous years, whereas, that for the trausporlatiou field is less. Thus, these figures 
may not be iudieative of the distribution under more normal eonditions. 


CHEMICAL, FOOD, AND BEVERAGE INDUSTRIES 


Because aluminun is available in many different fabricated forms, and because 
if can be assembled and finished by many different processes, it is used extensively in 
the chemical and food-processing industries. Equipment made from aluminum ranges 
from storage and truck tanks, shipping containers, piping, valves, kettles, heat ex- 
changers, stills, vacuum evaporators, condensers, crystallizing and drying trays, molds, 
centrifuge buckels, dippers and shovels, down to such small items as collapsible tubes, 
bottle caps, and seals for milk, food, aud drugs. The resistance of aluminum to various 
mineral and organie acids, salt solutions, organie compounds, sulfur, and other sub- 
stances, as outlined in previous sections of this article, suggests the wide variety of 
applications that are practicable in the chemical industry. 

The use of aluminum in cooking utensils is well established and its performance 
well known (see “Hygienic aspects”). Cookers and steam-jacketed kettles are ex- 
tensively used in the processing of breakfasl cereals, soups, and other prepared foods; 
edible gelatin, for example, is satisfactorily processed iu aluminum equipment. Alu- 
minum is used extensively iu breweries and the product is handled and shipped to the 
consumer in heer barrels made of aluminum. It is useful as a material of construction 
for containers and other equipment in which many fermentation and other biological 
processes are conducted, because the metal is physiologically inert aud does not inter- 
fere with the growth of the aetive organismis. 


METALLURGICAL INDUSTRY 


Aluminum finds important applications in the metallurgy of iron and steel. It is a 
powerful deoxidizer and, properly used, will reduce the dissolved and combined oxygen 
content of molten steel to any desired level. This happens because the aluminum 
oxide, formed by reaction with iron oxide, carbon monoxide and dissolved oxygen, is 
not reducible by carbon. 

Aluminum is an important alloying addition in ferrous metallurgy, in steel for 
nitriding, and in iron alloys where certain electrieal, magnetic, and oxidation-resistunt 
characteristics are desired. In amounts up to 10% it is effective in increasing the 
oxidation resistance of iron-aluminum alloys used as resistors and heating units. The. 
oxide film formed on these alloys is light colored and very resistant to sealing, It is an 
important component, along with nickel and cobalt, in the Alnico magnot alloys. 
When 10% aluminum is added to copper the well-known aluminum bronzes are 
formed. These are hard and strong, and resemble gold in color. Aluminum is also 
used as an important alloying addition to magnesium-base alloys. 

Metallic aluminum can be employed to reduce the oxides of many metals such as 
iron, chromium, vanadium, and molybdenum; it has been employed in this manner 
for producing low-carbon alloys of iron and these metals. It is also used in this way as 
a reducing agent in the so-called Thermite reaction (q.v.). 
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In the process known as ealorizing (see Melal surface treatment), a coatiug is pro- 
duced upon iron or steel by heating the metal embedded in a mixture of finely divided 
aluminum, alumina, and a small amount of some volatile fluxing agent such as anmo- 
nium ehloride. Coatings of this type are somewhat porous aud not particularly eorro- 
sion resistant; they do, however, offer substantial protection against oxidation at high 
temperatures and find their principal use in this field. Coatings can he applied ta steel 
by means of the spray pistol, and ean also be applied by dip-eoating in much the same 
way as galvanizing. 

STRUCTURAL APPLICATIONS 

As indicated in Table X, a large application of aluminum is in the transporta- 
tion field, where tt is used in the coustraction of airplanes, buses, tracks, automobiles, 
trains, and ships. During World War II. the applieation of aluminum in the construe- 
tion of military planes reached a tremendous peak; the structure of these planes com- 
prised about 90% aluminum. The airplane industry will probably continue to be a 
large user in the postwar years. 

The “pay-load” is a dollars-and-cents proposition with bus and truck as it is in 
the airplane, and reduction in weight of body and chassis permits an increase in carry- 
ing capacity. It is claimed that the increased carrying capacity afforded in truck con- 
struetion puys for the higher cost of the aluminum ina relatively short period of opera- 
tion. The use of aluminium forgings and castings in the rear-axle assembly reduces the 
unsprung weight and gives improved operating characteristics. Pistons are just one 
example of an effective use of aluminum in the automobile engine, The streamlined 
train, using ahuninurn liberally in its construction, is no longer à novelty. Years of 
experience with lifeboats, deckhouses, and other ship structures have demonstrated the 
serviceability of aluminum at sea. Maritime uses are now on the increase; ship super- 
structures of aluminum will confer greater stability on ships designed for carrying hoth 
passengers and freight, and will afford increased eargo capacity. 

The aluminum industry 5s equipped to supply structural members, such as plate, 
channels, and T-beams, in the large sizes required for bridges, towers, and tanks. In 
ihe Smithfield Street Bridge in Pittsburgh the original steel floor has been replaced by 
an aluminum floor structure, which has been giving satisfactory service since 1933. 
The reduction in weight on the supporting members has increased the carrying capacity 
of the bridge aud lengthened its effective life. A railroad bridge at Massena, N.Y., has 
an aluminum span consisting of two plate girders each 100 ft. long and 10 ft. deep. 
The girders are constructed of rolled plates and angles assembled with aluminum rivets. 

The resistance of aluminum to the weather suggests many uses in architecture, 
for such parts as roofing, sheathmg, windows, spandrels, sills, and coping. Indoors 
there are also many uses, both structural and functional, from stair rails to furniture. 
Aluminum foil, with its low emissivity aud high reflectivity for radiant heat, makes an 
excellent insulating material. The foil should be installed with air spaces separating 
the aluminum surfaces so that by reflection they cai minimize the transmission of 
radiant energy. 


ZSLECTRICAL INDUSTRY 
The American standard for aluminum conductors specifies a resistivity of 2.828 
microhms per cm. percm.sq. This corresponds to an electrical conductivity of 61% of 
the International Annealed Copper Standard. Pound for pound, the conduetivity of 
aluminum is about twice that of copper. At the present writing there is in service 
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approximately 1,250,000 miles of aluminum cable, steel reinforced. This type of cable 
comprises a, steel-wire core, surrounded by the aluminium conductors that carry the 
current. The strength of the core and the light weight of the eable permit long spans, 
while the surface area of the ahiminum conductors is sufficiently high to reduce the 
corona losses at high voltage. For distributing power in and around factories and 
power plants, aluminum bus bar finds application. The bus may be in the form of flat 
bar, tubing, or shapes such as channels. 

Induction motors are produced with cast aluminum windiugs. The rotor is made 
with laminated-steel core and the aluminum winding is cast in slots extending through 
the laminations, Some use has also been made of aluminum conductors in the rotors of 
high-speed turhine generators; their light weight reduces the centrifugal forees on the 
winding. 

The eleetrolytie condenser makes use of the asymmetrie character of the oxide 
film on aluminum when immersed in a suitable eleetrolyte, such as a borate or boric 
acid. There are two forms, known as web aud dry eoudensers; in each, however, an 
anodic oxide film forms the diclectrie, and aluminum sheet or foil forms one plate of the 
condenser and the electrolyte the other. The so-called dry cleetrolytic coudenser 
caries the electrolyte in paste form. These condensers are characterized by high elec- 
trie capacity in small volume. Eleetric condensers are also made with aluninum foil 
aud paper, rolled together in compact form. 

Aluminum Powder. An important application is in the pigment field (see Pig- 
ments). The flakelike powder, bearing a film of leafing agent sueh as stearic acid, 
makes a paint of umisual servieeability when formulated with a suitable vehicle. The 
aluminum flakes tend to arrange themselves in the paint fin in overlapping fashion 
much like falling leaves. The metal flakes are, of course, opaque to light: ancl the paint 
film shows high resistance (o moisture penetration because of the long, cireuitous-path 
for moisture diffusion through the vehicle betiween the overlapping flakes. For pro- 
tecting metal, the vehicle is generally a synthetic-resiu varnish of good chemical resist- 
ance and resistance to moisture penetration. For use on wood, a long-oil varnish of 
good distensibility is recommended. Aluminum powder for paint is usually employed 
in amounts of one to two Ib. per gal. of vehicle; the proportion depends upou the grade 
of paste or powder and the particular application, Printing nuk is made with the same 
flakelike powder. 

Aluminun powder in flake form is used im flares aud other pyrotechnic composi- 
tions (see Pyrotechnics). It gives a brilliant-white light when it reacts with oxidizing 
agents such as nitrates or chlorates. The powder is finding use in explosives (q.v.) to 
merease the propulsive force. : 

About one Ib. of alumiuum powder por 1000 Ib. of cement, or cement, cinders, 
sand, and other aggregate, makes alight, porous concrete (see Cement products). The 
powder reacts with the water and free alkali in the mix (o produce small bubbles οἱ 
hydrogen, which aerate the mix and remain in place during the setting of the conerete. 
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ALUMINUM BRASS. See Copper alloys. 
ALUMINUM BRONZE. See Copper alloys; Pigments. 
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‘This article deals primarily with the inorganic compounds of aluminum. For such com- 
pounds as aluminum lactate, aluminum oxalate, and aluminum salicylate, see the 
organic acids, Luctte acid, Oxvalic acid, and Salicylic acid, respectively. For salts of fatty 
acids such as aluminium oleate, see Fatty acids, 

Aluminun is the most abundant metal and the third most abundant element in 
the earth’s crust, bemg execeded only by oxygen and silicon. It is a constituent of 
many conunon and relatively rare minerals and ores, including feldspars (sce Silicates); 
micas (q.0.); kaolin, HyAlsSigOs (see Clays); cryolite, NasAlFy (see Fluorine compounds, 
inorganic); bauxite, AhOs.< HO; corundum, Al:Os; spinel, MgAhOy; garnet, CagAle- 
(SiO; and turquoise, Alk(OH),PO.H2O. A major part of ordinary soil consists of 
hydrous aluminum silicates, the clay minerals that have been produced by the weather- 
ing of such minerals as feldspar. 

With one or two exeeptions, aluminum has the valence three in its compounds. 
Aluminum is an amphoteric clement, forming aluminum salts and aluminates. The 
metal reacts with the common acids (except nitric) and with solutions of strong 
bases: | 

ΑΙ 1-0 ΠΟΤ -> [ALO] 4- 3 IT; 
2 Al -4- 2 OH- 4 10 H,0 ——— 2 [AICOH)4CTSO)s] 7. --: 3 Ts 





The hydroxide and the oxide (it it lias not been heated strongly) are also dissolved 
by either acids or bases: . 
[AL(OLD) (E20) ] + 3 1,0+ ——= [A HOt + 3 IRO 
[AI(OLDa(E20)s]) ++ OH ———9 [AKOTD4(HSO)s]7 + TRO 
AbO; 4-6 I0 * -- 8 TO ———9 2 [ALTLGO)J** 
ALO + 2 OH~ + 7 1f,0 ———> 2 [ALON .(ELO) 2] ~ 
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The following reactions in the dry state also illustrate the amphoterism of alumi- 
num: 
uu fuse a 
ALOy + 3 SiO. ———> Al SiOa)s 


fuse 
CaO + ALO ——— > Cal AIO») » 
Aluminum oxide is readily obtained by heating the hydroxide: 
2 TAHOD d HO) ---------- Ανθη +9 Πιο 


Freshly precipitated aluminum hydroxide is readily soluble in acids and strong bases. 
The oxide produced hy gentle heating of the hydroxide is also soluble in these reagents, 
but if it is strongly heated it becomes chemically inert, insoluble, and resistant to 
attack, except. [or example by Fusion with an alkali. This behavior is typical also of 
some other oxides, including chromium (II) oxide, CrO, Aluminum resemhles zine 
in that its hydroxide is soluble in solutions of strong bases, such as sodium hydroxide, 
1t differs from both gine snd eadmium in that its liydroxide does not dissolve in am- 
monium hydroxide solution. Thus, ne ions analogous to [Zu(NHa)s]?* ace formed by 
the action of ammonium hydroxide on aluminum hydroxide. 

Many aluminum compounds are readily hydrolyzed. In the following instances, 
reaction goes nearly to completion because of the formation of a gaseous product: 


AIN 4-6 IO —— ——92 [AI(OFDa(HaO);]. + NI; 
ALS, -- 9 1LnLO ————22 [ΔΙ{Ο1Π)ᾳ{Π.0}.] -- 3 I8 
ALC + 15 IEO — ——9 4 [AlCOTDs(HaO0)4]. 4- 3 Clty 


The hydrolysis of the halides (and of other sults such as the nitrate and sulfate) 
does not go to completion, but does go te such an extent that the solutions of such salts 
are strongly acid. These salts crystallize from solution with several molecules of water 
of erystallization, for example, the chloride, bromide, and iodide as 6-hydrates, the 
sulfate as the 18-hydrate. Smee aluminum in its complex compounds exhibits a co- 
ordination mumber of six, the aluminum ion undoubtedly exists in solution as [AL 
(H20)s]*+, whieh can react in steps, as follows: 


[ἈΠΗΟῚ 13 + TLO ———> |ALOIN(H2O),/2* -- TO + 
[AL(OLD (E20) ,]2* -- IQ ———> [AKO HOU] t 4- TO + 


Thus, since the hydrated aluminum ion acts as a proton donor, solutions of aluminum 
salts are acidic. If a proton acceptor, that is, a base, is added to such a solution, the 
reaction can be brought to completion. The final product is the hydroxide, [Al(OH);- 
(H120)3}, which is usually associated with excess water. 

Anhydrous aluminum halides cannot be prepared by heating the hydrates, since 
hydrolysis occurs and not only water, but also hydrogen halide is evolved. These com- 
pounds are therefore prepared by direct combination of the elements, or by the other 
usual procedures. Fused, anhydrous, aluminum halides (see “Aluminum halides,” 
page 632) are poor conductors of clectricity, This fact, together with their solubility in 
certain organic solvents, leads to the conclusion that the bonds are not highly electro- 
valent. 

The vapor density of the chloride at 350°C. corresponds to the formula AlgCly, but 
at higher temperatures, to AICIS. Thus the equilibrium AlSCl; z^ 2 AIC] is indicated. 
A structural formulation for the dimer in accord with the experimental observations is: 
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Spectrographie evidenee indicates that aluminum monochloride (AICI) exisis in 
the vapor phase above 800°C. This decomposes to aluninum and aluminum trichlo- 
ride (AICI) when it is condensed. ‘The monofluoride can also be produced by heating 
aluminum in aluminum trifluoride in a vacuum above 800°C. These are apparently 
the only examples known of compounds im which aluminum shows a valence other than 
three. 

Alumina hydrate forms lakes with many dyes and so aluminum compounds are 
useful as mordanting agents in dyeing. (See Dye application.) On the basis of modern 
ideas of structure, such color lakes are actually coordination compounds (g.v.). Hy- 
droxyanthraquinone dyes are Lypieal, and the aluminum-alizarin lake may be for- 
mulated as an inner salt. (I). 


o A " /3 
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This strueture (II) is analogous to that of the chelate compound of aluminum and 
acetylacctone. The covalent nature of the latter is evident from its properties. Itis 
insoluble in water but soluble in several organic solvents. Its melting point and 
boiling point are low, 192° and 314°C., respectively. 

Aluninum sulfate and the alums (see p. 653) are of great industrial importance. 

Aluminum compounds in the form of clays are the raw materials of the ceramic 
industry. Pure clay (kaolin) is white; it results from the weathering of feldspar. 
Connon ¢lay contains such impurities ns sand (SiO), Bmestone, and iron compounds, 
and is used in making bricks and tile; the red color of ordinary bricks is due to the 
presence of ferric oxide. China and poreclain are made from pure, iron-free clay. 
Feldspar, which is more fusible than clay, is added to the mix. The objects are porous 
(bisque) after the first fire. Thoy are then coated with a paste of feldspar and silica 
(and sometimes lead oxide) and fired at a higher temperature. The feldspar melts and 
fills the pores, forming à continuous semitransparent material. The objects may then 
he colored with oxides of metals that form colored silicates by firing a third time at still 
higher temperature, (Bee Ceramic industries; Clays.) ' 

Portland cement is a powdered mixture of a lime material such as limestone with 
another substance containing silica, alumina, and iron oxide, for example, common 
clay. The mixture is burned at 1400~-1600°C., which results in partial fusion. to 
lumps or clinkers. This operation is carried out continuously in a rotary kiln internally 
fired with gas, oil, or powdered eoal. The produet is mixed with 2-8% of gypsum and 
pulverized. The essential eonstituents of cement are complex silicates and aluminates 
of calcium, such as tricalenim silicate, dicaleium silicate, tricalcium aluminate, and 
tetracalcium aluminoferrite. The setting af cement results from hydration aud hy- 
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drolysis of these compounds. The rate of hydration is the main factor determining the 
rapidity of setting and hardening, The aging continues for years, with increase of 
harduess and crystallinity. (See Cement.) 

No discussion of aluminum compounds would be complete without some mention 
of attempts to use materials other than bauxite as sources. In recent years there has 
been considerable interest in extracting alumina from clay, and aetivity in this field 
was accelerated by the inercased demand for aluminum brought on by World War IT. 

In one procedure (Hoffman process) for utilizing elay, roasted kaolin was extracted 
with hydrochloric acid. The reaction mixture was filtered. The filtrate was concen- 
trated in a still provided with a rectifying tower to recover hydrochloric acid. Alumi- 
num chloride was crystallized from the concentrate and caleined to the oxide. The 
produet could be electrolyzed in a cryolite bath without dusting or frothing. It was 
also found suitable for polishing metallographic specimens und as an enamel con- 
stituent.. 

In another method, alumina was extracted from caleined clay by use of sulfuric 
and sulfurous acids, successively. The two extracts were mixed in such proportions 
that more than three equivalents of alumina was present for each equivalent of sulfate. 
When the sulfur dioxide was expelled by boilmg, a basic aluminiun sulfate in easily 
filterable form precipitated. A similar procedure depends on separation of a basic 
aluminum sulfite, AleOs.250..2H.0. 

While some of the procedures lor extracting alumina from clay have been de- 
veloped to the pilot-plant stage, it is quite generally believed that thoy cannot compete 
with the usual processes as long as high-grade bauxite is available. 
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Alum. See “Aluminum sulfates and atums," p. 653. 

Alumina. See “Aluminum oxide,” p. 640. 

“Alumina Hydrate, Light.” See under “Aluminun oxide,” p. 043. 
Aluminates. See under “Aluminum oxide,” p. 649. 


Aluminum Acctates. 


Acotates of aluminum may best be divided into the normal triacetate, Al(C2H)- 
O3), and a group of more “hasie” salts ranging from the diacetate, Al(OH) (C2H3Os)s, to 
still lower ratios of acid to aluminum oxide, since the methods of preparation are quite 
different. 

Aluminum triacetate, ALCEO»), is a water-soluble solid, whieh may be prepared 
in the following ways: (7) by heating aluminum chloride with acetie anhydride, dis- 
tilling off the acetyl chloride formed, and heating the residue to.160-180°C. (1); (2) by 
warming aluminum ethylate with acetic anliydride to 90?C, and distilling off the ethyl 
acetate (4); (3) by treating anhydrous aluminwn chloride with glacial acetic acid with 
the climination of hydrogen chloride (5); (4) by solution of aluminum sheet in com- 
pletely water-free acetic acid, or by heating the basic acetate, AI(OH)(C;H30$)s, with 
acetic anhydride in a scaled tube (8); (4) by dissolving aluminum in a mixture ol acetic 
acid and acetic anhydride (8); in this case, no water solubility is claimed, but a neutral 
salt, free of pasie salt is said to be obtained. With some of these methods it is 
doubtful if water-soluble aluminum triacetate was actually yielded. For example, 
in method 7 tbe temperature used would probably decompose aluminum briacetate, 
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which is said (o be unstable to heat. Method J is also doubtful (la); other authors, 
using method 3, report formation of the baste acetate ACs HOn 2ALO(CyHsOa)(2), 

Solid aluminum triacetate is offered on the market today, but it is not sold as a 
solution, presumably because the basie salts are more economical. 

Basic aluminum acetates, Al(OH) (C2H3Q.)s, have also been prepared iu solid form 
in a number of ways, perhaps the simplest ol whieh is merely by beating basie alumi- 
num acetate solutions until the solid separates out (2). A wide range of solubility ex- 
ists, depending upon the conditions of preparation and the degree of basicity. ‘Pure’ 
basic aluminum acetate, which is availahle on the market, has very limited solubility, 
while a still more basie salt is claimed to be readily soluble (7). 

The greatest industrial consumption of aluminum acetate is as à solution of basie 
aluninum acetate, whieh usually contains two moles of acid per mole of aluminum and 
an aluminum oxide content of 7-8%, corresponding to 22-25% diacetate in solution. 
The solution may be prepared by dissolving freshly precipitated aluminum hydroxide 
in acetie acid, or by treating aluminum sulfate solutions with load or calcium aectate. 
Since almminum hydroxide is usually prepared from aluminum sulfate, both methods 
require care in the removal of the sulfate ion, which is undesirable in the final product. 
This removal is Usually aceomplished with barium salts. The stability of basie alumi- 
num acetate solutions is poor and various stabilizers have been used, for example, ure: 
and thiourea (6). 

Basie aluminum acetate solution is known commercially as "fred liquor" or 
mordant rouge” because of ils use in preparing red color lakes, Iu addition to its 
widespread nse as a mordant in dycing, the solution is also used in waterproofing tom- 
positions for textiles. When heated, the salt becomes insoluble through loss of acetic 
acid and formation of aluminum—oxygen-aluminuin-type linkages. (Peeuliarities in 
properties and the complicated nature of basic aluminum salt solutions are explained 
by. the “olation” theory Ga).) This more hasie product has the unusual property of 
imparting a degree of water-repellence to fabric. Although alone i. is inadequate for 
good rainproofing, in combination with wax emulsions it is widely used [or preparing 
“shower-proofed” fabrie, In other processes, itis breated with soaps on fabrie to pro- 
duce water-repellent, basie aluminum soaps, or is combined with casein to form a com- 
plex, used alone or with waxes in à water-repelling treatment (0). (See Dye apptica- 
lion; Waterproofing.) 

Basic aluminum acetate is also used as an antiperspirant, as an ingredient! of 
catalytic preparations, and as an ingredient of colored Jacquers, For many uses, as iu 
tanning, if is interchangeable with aluminum formate. 
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Aluminum Alcoholates. 


Alumininn isopropylate is the only aluminum aleoholate currently on the market. 
Very small quantities of others are used, but they are usually made to order and are not, 
readily available. 

Aluminum isopropylate (isopropoxicde), AL(OCTL(CH,)2)s, fonnula weight 204.23, 
distills as a colorless viscous liquid, bz 130-140? or Du 140-150°C. Although it is a 
solid, melting at 118?C., if shows a great tendeney to supercool, and it may solidify 
only after cooling for ouc or two days at 0°C. It is soluble in alcohols and hydrocar- 
bons. 

Manufacture. Aluminum wire or foil is treated with aulydrous isopropyl alcohol, 
using carbon tetrachloride as catalyst. The contents are protected from moisture by 
a mercury trap or a ealeium chloride drying tube. The mixture is refluxed until all 
the aluminum has dissolved. The resulting solution is then distilled under reduced 
pressure. Excess isopropyl aleohol distills over first, after whieh the condenser is re- 
moved, since air cooling is sufficicnt for the coudensation of aluminum isopropylate. 

Aluminum isopropylate is supplied in paraffin-sealed tins or drums in c.p. and 
technical grades, "ho prices for this product are given in Table I. 


TABLE I. Prices of Aluminum Isopropylate. 














Chemically pure ` — "Teshuical ος 
— ern m Peige po P- 
1-15. tin 5.00 100-1b. drum 1.75 
5-lb. tin 4.00 500 Ib. (100-Ib. drums) 1.65 
25-12. tin 3.75 | 1000 Ib. (100-Ib. drums) 1.50 


100-Ib. tin 3.25 


d — 


Uses. Aluminum isopropylate is used asa selective reducing agent for aldehydes 
and ketones, according to the method of Mecrwein-Ponndorf-Verley. 

Tn 1925 it was discovered independently by Verley and by Meerwein and Sehmidt 
that an aldehyde can be reduced to the primary alcohol by treatment with aluminum 
ethylate in the preseuce of ethyl aleohol. In 1926 Ponndorf reported that the reaction 
could be made more general by employing the aluminum derivative of the readily 
oxidizable secondary aleohols. By the use of aluminum isopropylate, ketones as well 
as aldehydes could be reduced satisfactorily. Lund in 1987 applied this method to a 
variety of aldehydes and ketones. 

The reduction of aldehydes and ketones is carried out very easily. The carbonyl 
compound and aluminum isopropylate are heated in boiling isopropyl alcohol with 
provision for slow distillation, until no nore acetone is formed. 

Although a number of metals have becn used as their aleoholates for the reduction 
reaction, aluminum derivatives have been found to be the best reagents. They have 
the advantages of being much weaker condensing agents and of being soluble in both 
alcohols and hydrocarbons. The superiority of aluminum isopropylate over aluminum 
ethylate is due to the fact that it induces a more rapid reaction, side reactions are 
reduced, and the yield is improved. The time required for a reduction. varies greatly 
with the particular aldehyde or ketone; the aldelydes are usually more reactive. 
The rate of reduction also depeuds on the amount of reducing agent used. The 
length of time required for the reactiou, however, hag little effect on the final yield, 
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-since removal of the acetone which is formed insures complete reduction in any event. 
The aluminum isopropylate reduction has been carried out with aliphatic and aromatic 
aldehydes and ketones. Since the reducing agent is such a specifie one, other groups 
susceptible of reduction are nol. affected, that is, carbon-to-carbon double bonds, 
carboxylic esters, nitro groups, and reactive halides. Furthermore, the reduction of 
the carbonyl group does not stop at an intermediate stage; no pinacol Formation has 
been observed and pinacols are not reduced further by the reagent. 

Aluminum isopropylate can be employed in such a way that only one of two or 
more carbonyl groups in the molecule will be reduced. This is based upon the con- 
version of ore of the carbonyl groups to an enol ether or acetal, thus protecting it from 
the action of the reducing agent. A method for protecting one ketonic group while 
another is reduced has been applied to androstenedione, This compound is converted 
into the 3-pinacol with sodium amalgam and then reduced by aluminum isopropylate 
in 81% yield to the pinacol of testosterone. Treatment of the latter glycol with 
lead tetraacetate regenerates the ketone group with cleavage of the molecule to give 
testosterone. 
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testosterone 3-pinacol 


For the reduction of aldehydes, anhydrous isopropyl! alcohol is recommenced ag a 
solvent in order to avoid side reactions such as the Tishchenko reaction. In reduction 
of ketones, at least 100 to 200% excess of aluminum isopropylate is desirable. Ou the 
other hand with aromatic aldehydes, it is preferable not to use an excess of reagent. 
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F. J. MANN 


Aluminum Bromide, See under “Alumimun halides,” p. 036. 
Aluminum Carbide, Al's. See Carbides. 
Aluminum Chloride. See under “Aluminum halides,” p. 682. 
Aluminum Fluoride, AIF;; Fluoaluminates. See Fluorine compounds, inorganic. 


Aluminum Formates. 


Two solid aluminum fornates are known, the normal ("neutral") salt, Al- 
(OOCH),3ILO, aud the "basic" galt, AKOH)(OOCH)s.HsO.— Other solids of unecr- 
tain composition are described, chiefly in the patent literature, but these are very prob- 
ably impure specimens. In addition, there is a sizable patent literature dealing with 
the preparation of aluminum formate solutions. Most of the aluminum formate of 
commerce is sole as an aqueous solution containing from 8.5 to 10% aluminum oxide, 
Alis. 

Normal aluminum formate, Al(OOCH);.3H.0, was obtained by Quade (4) by 
evaporating a solution of aluminiun formate, containing an excess of formic acid, to 
incipient, erystallization, and crystallizing at 25-30°C. The preparation is also men- 
tioned by Wolff (5); Jochem and Hennig also cover the method of making this salt by 
adding strong formic acid to solutions of aluminum formate (7). 

The salt obtained by the above methods is à fine. white powder, which appears 
amorphous under the microscope. The equilibrium solubility of the salt is very low in 
cold water but it dissolves rapidly, up to 25%, in nearly boiling water, Upon cooling, 
the aluminum formate remains in solution in a highly supersaturated conclition. 
When excess formie acid is added to a solution of the aluminum triformate to give a 
supersaturated solution at 20°C,, several days are required for the solution to come te 
equilibrium with the solid phase. Seeding, or contact with the solid phase, does not 
hasten the process. A supersaturated solution of triformate without excess formic acid 
behaves similarly, A possible explanation is that aluminum triformate exists in solu- 
tion asan equilibrium mixture of at least two different coordination complexes of un- 
equal solubility, and that the rate of transformation of one form into the other is a slow 
nonionic reaction. A 25% solution of aluminum triformate has a pH of 3.2. 

For a number of years, aluminum triformate was sold as a technical product, but 
by 1946 it had been replaced by solutions of “basic” formate. Solutions of triformate 
are obtained by addition of formic acid to the basic formate. 

Basic aluminum formate. The monohydrated salt, Al(OH)(OOCH)..H.O, was 
prepared by Weinland and Stark by dissolving freshly’ precipitated aluminum hy- 
droxide in formic acid and evaporating the solution until a scum forms (1). Upon cool- 
ing, basie aluminum formate is precipitated. On a technical scale it is best prepared 
by spray-drying the solution (2). ' 

The process of making aluminum formate by acidification of aluminum hydroxide 
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(3) is not a practical one, in part due to the difficulty of washing the precipitated 
aluminum hydroxide, and in part due to the faes that the alumina does not dissolve 
completely in a stoichiometric quantity of formic acid, particularly if desiccated to 
any extent. 

The basic aluminum formate sold as à solution iust be stabilized to prevent, the 
development of turbidity on standing. Precipitation of solids may even occur, espe- 
cially if the solution is exposed to elevated temperatures. Kramer found that small 
amounts of an acid other than formic, such as adipic, succinic, acetic, and propionie, 
will stabilize basic aluminum formate in concentrations up to 30% (10). Koch has 
patented urca, thiourea, their alkyl and acyl derivatives, and their salts, as stabilizers 
(6). He daims that solutions so stabilized give a water-solable salt on evaporation. 

One technical process of manufacture cousists in. treatiug aluminum sulfate witlt 
formic acid and precipitating the sulfate ion as ealetum sulfate. Formic acid and lime 
are used in the ratio of two equivalents of the acid to three of lime; the basie formate is 
thus produced. The calcium sulfate is filtered out and washed, and the wash liquors 
are returned to the process for the succeeding charge. The commercial product las a 
gravity of 19° Bé., and contains not less than 8.56% AkOs; the quoted 1947 price was 
10¢ per Ib. 

USES 

The largest single use of aluminum formates is in the treatment of textile ma- 
terials for water repelleuee or splashproofiug. Gottlieb has shown that aluminum 
formate reacts with easein (o form a water-soluble complex (8). When a solution of 
this complex is dried on a cellulose or protein fiber and insolubilized by heating to 
60^C., it forms a waterproof surface. Kramer has found that this complex will emul- 
sify paraffin as well as various waxes in water, aud that fabrics immersed in sueh emul- 
sions are rendered water-repellent (9). This process is widely used. (See Waterproof- 
ing.) A second use is that of mordanting adjective dyes to form aluminum lakes on the 

fiber. ` 

Aluminum formate is used in place of aluminum sulfate ov ehloride, beeause ou 
hydrolysis it yields an acid, which is harmless to textile fibers and furs and is volatilized 
in drying. It has the ‘advantage over aluminum acetate that it yields a larger 
amount of alummiferous residue on hydrolysis. 

The basic aluminuin formate is used as an antiperspirant applied to the skin. It 
is incorporated into various cosmetie preparations for this purpose. It has also been 
suggested as a local treatment in dermatology. 

In the paper industry, aluminum formate has been proposed as a waterproofing 
or parchmentizing ageit, either alone or in conjunction with various sizes, such as 
starch, casein, or rosin.” In the leather industry, aluminum formate is used for alumi- 
num tannage in the production of white leathers, and also may be used as an acceler- 
ator of tannage. In these processes the aluminum formate may be formed in situ from 
sodium formate and an inorganic aluminum salt. The basic formate can be used to in~ 
solubilize casein in water paints. The triformate is a mild eoagniant for rubber latex. 
Aluminum formate has been used in the manufacture of pure aluminum oxide for 
catalyst preparations. 
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BENJAMIN Touges 


Aluminum Halides. 

AM of the four halogens form compounds with aluminum; the ehloride is the 
most important eonumereially.. For aluminum fluoride and fluoalhuninates see Fluorine 
compounds, inorganic. 


Aluminum Chloride 


Aluminum chloride reaches the market in three forms: (7) aluminum chloride, 
anhydrous; (2) aluminum chloride, erystal; and (8) aluminum chloride solution. 


ALUMINUM CHLORIDE, ANILYDROUS 


Anhydrous aluminum chloride, ALC]; or AleCls, formula weight 133.34 or 266.68, 
is a white solid when pure, but the commercial product may vary through gray, green, 
yellow, and brown. 1t forms deliquescent erystils or powder, which usually have a 
strong odor of hydrogen chloride. It reacts with explosive violence with water, 
evolving 77.9 kg.-eal. per mole. lt has found extensive application in synthetic 
organic chemistry, petroleum-refinery operations, and large-scale alkylations. 

The fundamental discoveries based on the Friedel-Crafts reaction (g.v) had a 
very profound influence on the extension of applications of anhydrous aluminum 
chloride in organic chemistry. The work of McAfee on the development of a cheap 
process of manufacture for the making of the substance, to be used primarily as a 
catalyst in petroleum refining, led to au imerease in its production. The demands in 
World War II for large quantities of aviation gasoline and synthetic rubber necessitated 
a ten-fold increase in catalyst requirements and made anhydrous aluminum eliloride 
an important inorganic chemical. 

Physical and Chemical Properties. The subliming tendency of aluminum 
chloride has offered difficulties in the determination of the physical constants. The 
following values are selected: crit. temp. 356.5°C,; subl. temp. 180.2?C.; triple 
point 192.6°C. at 171.5 em. Hg; m.p. 190.2°C, (sealed tube); bus 182.7?C. Vapor- 
density studies show that the normal form is a dimer, ALCls, up to 440?C., that the 
dimer and monomer coexist to 800°C., and that the monomer is stable up to 1000°C., 
where decomposition occurs. (Sec introductory sectioun to Aluminum compounds.) 
The erystals are six-sided plates witli & monoclinie pseudorhombohedral form. X-ray 
studies of erystal density show a value of 2.49 compared with experimental density 
values of 2.44 to 2.465. 

Aluminum chloride reacts readily with water, forming aluminum oxychlorides 
and evolving hydrogen chloride. It is soluble in a wide range of organic compounds, 
particularly nitro and chloro compounds. In many cases, however, there is a reaction 
giving rise to fluid complexes, which are not true solutions. Aluminum chloride also 
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forms double sults with a wide variety of inorganie salts and this tendeney is used in 
the preparation of catalysis for high-temperature uses, 

Manufacture. ‘There are several commercial methods of preparing auhydrous 
aluminum ehloride. The purity of the finished product may depend upon the starting 
material, which may be aluminum serap, alumina, or bauxite. Both elilorine and 
hydrogen chloride are used industrially. In general, three processes are most im- 
portant: (/) the setion of chlorine on a mixture of bauxite with carbon, which acts as a 
reducing agent (the bauxite is calcined, mixed with coal or coke, briquetted, and 
chlorinated at 1600°F.); (@) the action of ehlorime ou aluminum serap; and (2) the 
action of hydrogen chloride on alumina. The reaction produet (AlsCls) sublimes off 
and must be condensed. There are mechanical difficulties in this process, which have 
been met with some ingenious devices. The product made from aluminum metal is of 
highest, purity but. the use of low-iron bauxite or ahunina will give a produet of suit- 
able purity for many uses. For highest purity the product is resublimed. There are 
innumerable patents and processes for the preparation of anhydrous shuminin chlo- 
ride, but the majority of these are not of commercial importance, 

Government statisties show production figures of 6240 short tons in. 1038, eon- 
trasted with 20,744 in 19438 and 21,036 in 1945. (Note: These figures inelucle both 
anhydrous and erystal aluminum chloride production, but the latter is relatively 
small.) The price did not drop appreciably during this period but there was some 
improvement in quality. The price was about 8¢ per lb. in 1947, but large-scale con- 
tract rates are somewhat below this figure. 

There was some curtailment of production at the close of World War II. The 
wartime production was closely allied with the demand for synthetic rubber and high- 
octane aviation fuel. Uses other than petroleum refining are rather small in coutrast 
with these items and jt may take some time for production to return to the 1945 level. 

Specifications and Safety Factors. The specifications for anhydrous aluminum 
chloride vary cousiclerably with the. use; 95% purity is the usual minimum but special 
projects require 99% purity by the sublimation test. Ferric chloride is the most com- 
mon impurity, with lesser amounts of titanium and silicon chlorides. Hydrated alu- 
mina may also be present if the product has been exposed to water or a humic] atnos- 
phere. For use in organie sohitions, a low insoluble coutent may be required. The 
mesh size is also variable with the uso; products varying from large hunps to fine 
powder are offered, and a sublimed powder is also available. A typical specification 
is: AlCh, 97.5% min; Fe, 0.85% max.; insolubles, 0.10% max.; and sublimination 
test, 1.095 max. residuo. 

Anhydrous aluminum chloride is shipped in stee] drums (100, 200, and 500 1b.) 
both returnable and nonreturnable. These are full-opening drums and should be 
equipped with a plug to vent any hydrogen chloride gas formed in the drum. A self- 
venting porous plug has been designed for this service, 

Aluminum chloride must be handled with caution. It is a powerful desiccant 
and both the solid material and its organic complexes can cause painful burns. It 
evolves hydrogen chloride on hydrolysis and this probably accounts for part. of its 
activity; the inhalation of these fumes should be avoided. Rubber clothing and 
protective equipment should be supplied to everyone working with this material. 
Since aluminum chloride reacts with water with explosive violence, care must be taken 
to keep the product dry. 

Analysis. The most vauable analytical procedure for testing anhydrous alumi- 
num chloride involves a sublimation test wherein the volatile aluminum chloride is 
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driven off by heat and the residue determined. Since anhydrous ferrie chloride also 
sublimes, this test is frequently supplemented by a test for iron. In certain cases 
an actual activity test based on a Friedel-Crafts reaction may be made. Quantitative 
analyses for the elements may be made after dissolving the sample in water, 

Uses. Anhydrous aluminum ehloride is gu inportant reagent in organie chemis- 
tiry. Although the application of the I’riedel-Crafts reaction (qv.) Involving the evolu- 
tion of hydrogen chloride has found rather wide use, the bulk of the material is used in 
reactions not depending upon this type of condensation. The literature on aluminum 
chloride is voluminous, revealing applications involving alkylation both aromatic and 
paraffinic, isomerization, halogenation, polymerization, dehydration, dehydrogenation, 
ketone synthesis, hydrohalogeuation, aldehyde synthesis, and others (oo numerous to 
detail here. 

One of the more important reactions of anhydrous aluminum chloride involves the 
isomerization of paraffinic hydrocarbons. This is exemplified by the conversion of 
n-hutane to isobutane or of n-pentane to isopentane, These reactions are of vital im- 
portance in the synthesis of high-octane fuels. Hydrogen chloride gas is frequently 
used as a promoter in this process. There sre several ways of adding the catalyst: 
it may be added as a solution in paraffins, although its solubility is limited; it also may 
be used in a supported form on an inert carrier, as a liquid mix with antimony chloride, 
or at higher temperatures as a fluid melt with other inorganic salts (sodium chloride, 
zine chloride, ete.). The products of these reactions may he used as fuels or they may 
be further alkylated with olefins in the presence of aluminum chloride. Thus igo- 
butane will react with butenes to form isooctane. This type of reaction has 
found extensive use, but hydrofluoric and sulfurie acid alkylations are compctitive 
processes. 

The alkylation of aromatic hydrocarbons with olefins using aluminum ehloride 
as the catalyst increased greatly during World War II. This was due primarily to the 
demand for ethylbenzene for styrene synthesis, and for isopropylbeuzene as a blending 
agent for aviation fuels. In this process the catalyst unites with the reactants forming 
a complex that promotes the reaction. In practice the olefins and benzene react in 
the presence of this complex, usually with a small amount of a promoter such as hy- 
drogen chloride or an alkyl halide. The reaction is not limited to gaseous olefins but 
long-chain olefins may also be used in detergent synthesis, The temperature of the 
reaction is kept at a lower level with these olefins to reduce polymerization. (See 
Alkylation.) 

The industrial importance of anhydrous aluminum ehloride increased rapidly 
following the work of McAfee on the use of this catalyst in the cracking of petroleum. 
It is still of value in a variety of refining procedures although newer cracking methods 
have largely displaced this method. The cracking of straight-chain paraffins in the 
presence of aluminum chloride has been used as a source of isoparaffins; thus n-heptane 
yields isobutane. . 

Aluminum chloride is used in the synthesis of ethyl chloride, of which substantial 
quantities are used in the production of tetracthyl lead. In this case, the catalyst is 
usually dissolved in ethyl ehloride, amd gaseous ethylene and hydrogen chloride are 
added to the reactor, Although this reaction can be applied to higher olefins the 
process is not very satisfactory, owing to the tendency of aluminum chloride to pro- 
mote polymerization. 

The use of aluminum chloride as a polymerization catalyst has been the subject 
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of many patents and processes. In general, however, these processes have not been 
extremely suecessful and other catalysts such as boron fluoride, sulfuric acid, or acti- 
vated clays find wider use as they seem to have a more selective action. 

In the above reactions the aluminum chloride is used in catalytic amounts in 
contrast to the molar quantities used in Friedel-Crafts reactions. In most cases the 
operations are on 4 continuous basis with recycling. 

The synthesis of aryl aud aralkyl ketones and keto acids is an important applica- 
tion of anhydrous aluminum chloride. Such reactions may be carried out by treating 
an acid anhyclride with an aromatic hydrocarbon. In-such eases two moles of alumi- 
num chloride are required per mole of reaction product. Among the better-known 
syntheses of this type, the reaction of phthalic anhydride with benzene is of impor- 
tance. The o-benzoylbenzoic acid produced is converted to anthraquinone (q.v.) with a 
suitable dehydrating agent. Acetophenone may be prepared in a similar manner from 
benzene and acetic anhydride, and a whole series of ketones may be synthesized by the 
use of this condensation. Groggins has made extensive stuclies of these ketone syn- 
theses with the development of the ball-mill technique to ensure a high degree of eata- 
lyst activity. 

The halogenation of aromatic and aliphatic compounds may be carried out ef- 
fectively iu the presence of catalytic amounts of aluminum chloride. Nuclear sub- 
stitution takes place readily and side chains are not attacked on aromatics. Halo- 
genation of aliphaties is somewhat more difficult to control, owing to the tendency 
toward undesirable side reactions. 

The synthesis of aldehydes by the use of aluminum chloride gives a very inter- 
esting reaction. In its simplest form benzene and carbon monoxide react to form ben- 
zaldehyde: ‘ 


4. — AlOla - 


In the Gatterman reaction, hydrogen cyanide or other cyanides may be used in the 
presence of hydrogen chloride to give aldehydes. Reactions may be extended ta give 
hydroxy aldehydes from phenols. 

Yondensation reactions promoted by anhydrous aluminum chloride are of sig- 
nificant industrial importance particularly in the dyestuffs field. Some of these syn- 
theses depend upon the fact that aluminum ehloride will promote dehydrogenation of 
labile hydrogen with resultant ring closure. The pioneering work of Scholl con- 
tributed extensively to this development. In addition to intermediates and direct 
dyes, such reactions are of value in the preparation of insecticides, etc, 

In some cases a rather high temperature is essential to promote the reaction and a 
fused sodium chloride -aluminum chloride mixture is used to reduce sublimation losses 
and so maintain activity of the catalyst. 


ALUMINUM CHLORIDE, CRYSTAL 


Chloralum, AICl;.6H,0 or [Al(H20)s]Cls, formula weight 241.43, contains 55.23% 
AlCl, and is yellowish-white to colorless deliquescent granular crystals or powder 
with an odor of hydrogen chloride. J+ has rather limited uses as such and is usually 
sold as the solution for ease of handling. Grades available include U.S.P., c.p., or 
tech. crystals. Shipments may be made in tight barrels. A typical specification is: 
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97.2% AIC],.6ELO; 20.5% AlbO;; 0.003 to 0.005% Fe; 0.01% insolubles; and 0.015 
to 0.08% SOx. 


ALUMINUM CHLORIDE SOLUTION (32°Bé,) 


The 32° Bé. solution contains 35% AICI, and is a crystal-clear liquid when pure, 
but may be slightly yellow if high iron content is permitted. It finds a wide use in 
textile, soap, water treatment, and other process industries. 

Solutions may be prepared by dissolving the anhydrous erystals of aluminum 
chloride in water, or by the action of hydrochloric acid on hydrated alumina. A typi- 
cal specification is: 50.3% AICh.GHO; 10.5% AlOa;, 0.00595 Fe; and a trace of 
acidity. Lt is usually shipped in earboys or rubber-lined tank cars. 

Aluminum chloride is sharply astringent and should be handled with some caution 
because of its acid reaction and corrosive character. 

The production rate is about 5000 tous per year and shows some tendency to 
decline, owing to reduced use in textile treatment. The major uses of aluminum ehlo- 
ride solution are in the soap industry, where it is used for salting out glycerin lyes; 
in the textile industry, in abont a. 695 solution, where it is used primarily for earboniz- 
ing fine wool as piece goods, raw wool, or shoddy, and to a lesser extent us a dyeing 
assistant. Aluninum chloride solution is used as a water disinfectant and for general 
water treatment and purification, although aluminum and ferrie sulfates are more often 
used for this purpose. Since the solution has astringent properties it is used in cos- 
meties £or the preparation of deodorants aud as an antiseptic. It may also be used as a 
wood preservative. 


Aluminum Bromide and Aluminum Iodide 


Aluminum bromide is beginning to find some industrial use because of some ad- 
vantages it has over aluminum chloride, when its extra cost is outweighed by these 
advantages. The iodide scems to have very little usc in industry. 


ANHYDROUS ALUMINUM BROMIDE AND IODIDE 


Physical and Chemical Properties. Aluminum bromide, AlBr; or AbBrs, color- 
less rhombic deliquescent plates, formula weight 266.72 or 533.44, d? 3.01, m.p. 
97.5°C., b.p. 263.3°C., is soluble in water, alcohol, carbon disulfide, and acetone. 
Aluminum iodide, All; or Alls, white to brown deliquescent plates, formula weight 
407.73 or 815.46, dy’ 3.98, mp. 191°C., b.p. 360?C., is soluble in water (dee.), alcohol. 
ether, and carhon disulfide. 

Aluminum bromide and iodide react with water with explosive violence. The 
iodide fumes in air and deliquesces rapidly. Both compounds lose halogen and form 
alumina when heated in air, Aluminum iodide vapor is flammable, burning with an 
orange-red flame and forming a cloud of alumina. A mixture of the vapor with air 
explodes in contact with a flame. 

The tendeney of the aluminum halides to form “addition compounds” decreases 
with increasing atomic weight of the halogen. Thus aluminum bromide forms guch 
compounds more readily than the iodide, 

Manufacture. The usual procedure for preparing anhydrous aluminum bromide 
is based on the direct combination of the elements. The reaction between aluminum 
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and bromine is rather violent, and several methods have been proposed to eontrol it. 

In one of the earliest procedures, a piece of aluminum is lowered into liquid 
bromine, left until the violent veaction begins ad then withdrawn. This is repeated 
until it becomes possible to leave the metal in the bromine without further danger. 
In another procedure (27), bromine vapor is carried by nitrogen gas over pieces of 
aluminum heated to 120?C.; the product is purified by distillation iu nitrogen. Car- 
bon disulfide may also be used to dilute the bromine (21). The metal is treated with 
the required amount of bromine dissolved in three to four volumes of carbon disulfide 
and the reaction mixture is heated for one-half to one hour. 

Several methods for making aluminum bromide have been patented. One proc- 
ess comprises continuous halogenation of briquetted aluminum carried by a movable 
framework through the reaction zone at about 815°C. (29). In another process (30), 
bromine vapor mixed with aluninum bromide vapor is passed. continuously through a 
tower packed with metallic aluminum. The temperature is maintained at 315-482°C. 
Temperature regulation is effected hy absorption of excess aluminum bromide, which 
carries leat out of the tower. 

Tf aluminum is heated with about ten times its weight of iodine in a sealed tube, 

reaction oveurs with evolution of light and heat. Aluminum iodide can be prepared by 
he ating aluminum with silver iodide in a sealed tube. Dilution methods are also used 
in the preparation of aluminum iodide. For vapor-phase iodination, carbon dioxide 
may be used as the diluent (24). For low-temperature reaction, the reagent may be 
iodine dissolved in carbou disulfide or aleohol (25), 

Uses. Aluminum bromide and iodide may be used as catalysts in Friedel-Crafts 
types of alkylation, in isomerization, and in cracking reactions (283,28,32). Using 
n-hexane and n-heptane Grummitt and co-workers (22) found that aluminum bro- 
mide eaused all these reactions. À host of hydrocarbons of lower and higher molecular 
weight than the starting compounds was obtained. With the proper amount of 
hydrogen bromide promoter, a maximum conversion of 01.775 was attained. 

Sparks and Thomas (81) reported the application of the bromide as a catalyst for 
the bromination of aromatic hydrocarbons and their derivatives. They also found 
the bromide useful in low-temperature polymerization of isoolefins with diolefings (for 
example, isobutylene with butadiene). These investigators attribute the powerful 
catalytic effect, of aluminum bromide in these reactions to the solubility of the halide in 
the solvents used without the formation of stable complexes, that is, the bromide forms 
a simple solution at the low temperatures employed. They fouud that the metal 
halides that form complexes with organie solvents are quite inactive as catalysts for 
low-temperature reaction. 


HYDRATED ALUMINUM BROMIDE AND IODIDE 


Aqueous solutions of aluminum bromide and aluminum iodide may be made by 
dissolving the metal or the hydrated oxide in the corresponding halogen acid. From 
such solutions there ean be obtained either the 6-hydrate or the. 15-hydrate of the 
aluminum bromide or iodide. 

Hydrated aluminum broniides: AlBrs.6H20, colorless to yellowish deliquescent 
needles, formula weight 374.82, sp.gr. 2.54, m.p. 93?C., b.p. 100?C. (dec.), is soluble 
in water and aleohol; and AlBr.15H50, colorless needles, formula weight 536.96, 
m.p. —7.5?C., b.p. 7?C. (dee.), is soluble in water and alcohol. Hydrated aluminum 
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iodide, Ally.6H.0, formula weight 515.83, sp.gr. 2.63, m.p. 185°C. (dee.), is soluble in 
water, alcohol, and carbon disulfide. 

The -hydrates can be prepared by evaporating the aqueous solutions over con- 
centrated sulfuric acid. They are quite stable under ordinary conditions, but both the 
bromide and iodide give off the halogen acid and water when heated, leaving a residue 
of alumina (26). 

The 15-hydrate of aluminum bromide is prepared by cooling a 46% solution of the 
bromide to —9°C. The erystals so obtained are then used for inoculating more dilute 
solutions. The colorless needlelike crystals of the hydrate are dried between sheets of 
filter paper. Aluminum iodide 15-hydrate is obtained in a similar manner with a 58% 
solution as the starting material. l 

Aside from laboratory applications, there seem to be few uses of hydrated alumi- 
num bromide and iodide, In the first place, they are less stable than some of the other 
soluble aluminum compounds. Moreover, since most applications would require only 
some source of hydrated aluminum ion, other cheaper and more readily available com- 
pounds such as the sulfate are equally suitable. 
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H. E. Momus (Aluminum chloride) 


al 4 . " . . . 
C. L. RornnumNsoN (Aluminum bromide and aluminum iodide) 


Aluminum Hydride. 


Alumimum hydride, CALET;),, is best prepared by the action of aluminum chloride 
on lithium aluminum hydride (sce below) in ethyl ether solution. The product is first 
obtained as an ethereal solution, but this fairly rapidly forms a solid, nonvolatile, 
probably highly polymerized product from which residual ether cannot be completely 
removed. The chemical properties of alaminum hydride are very similar to those of 
lithium aluminum hydride, except that the greater solubility of the latter makes it far 
more useful as à reagent. i , 

Lithium aluminum hydride, LiAIEL, is prepared by the aetion of an ethyl ether 
solution of aluminum ehloride on lithium hydride, LAH (see Lithium compounds); as a 
catalyst a sample of the compound obtained in a previous preparation is used. The 
compound is a white solid, stable to temperatures of about 125°C. Although it reacts 
very vigorously with liquid water, it does not deteriorate very rapidly in air of ordinary 
humidity, probably beeause of the formation of à proteetive coating of aluminum 
hydroxide. In addition to the latter, the other products of its interaction with water 
are lithium hydroxide and hydrogen, Thermal decomposition leads to the formation of 
lithium hydride, aluminum, md hydrogen. 

The compound is a strong and rapid reducing agent; its fairly high solubility in 
ethyl ether (25-30 grams per 100 grams of solvent) makes it especially effective for 
reactions for which other reducing agents are slow or ineffective. The reductions are 
best earricd out im ethereal solution, Ethyl ether is the preferred solvent; others, such 
as tetrahydrofuran, have been used, Organic reductions are carried out in à manner 
similar to that employed in Grignard reactions (g.v.). 

In the field of inorganic chemistry the use of the compound has led to new meth- 
ods, far simpler and more efficient than any hitherto known, for the preparation of 
hydrides of silicon, germanium, aud tin, and of the alkyl and aryl derivatives of these 
hydrides. It has also led to the discovery of zine hydride. | 

Lithium aluminum hydride has proved particularly useful in organic chemistry. 
It reduces carboxylic acids, esters, aldehydes, ketones, nitriles, nitro derivatives, ete., 
in general at room temperature and at a very rapid rate. For carboxylic acids this 
method of reduction is the only generally applicable one; in other cases the reactions 
proceed so smoothly and give such good yields that their use n research and industry 
seems very promising. The reactions are often highly specific; thus aromatic nitro 
compounds are reduced to azo derivatives, while nitriles and aliphatic nitro derivatives 
are reduced io primary amines. Particularly important is the fact that, exeept in 
special cases, functional groups of organic compounds containing doubly or triply 
bound carbon atoms may be reduced without affecting tle double or triple bond. 
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Η. I. SCHLESINGER 


Aluminum Hydroxide. See “Aluminum oxide,” below. 
Aluminum Iodide. See under "Aliuminum halides," p. 636. 


Aluminum Isopropylate. Sec “Aluminum aleoholates,” p. 628. 


Aluminum Nitrate. 


Aluminum nitrate, AICNO,);9H.0, formula weight 375.18, forms colorless erys- 
tals of the rhombic variety that are deliqueseent. If melts, in its water of erystalliza- 
tion, at 73°C). nnd deeomposes af 135°C. The aqueous solution is weakly acidie be- 
cause of hydrolysis. The metallic content of the salt is 7.19% and represents 18.59% 
AbO; Ii is soluble in water, alevhol, acetone, nitric acid, and earbon disulfide. 

Aluminum nitrate may be produced by the action of hot dilute nitric acid on 
metallie aluminum, or by the action of nitric acid on aluminum hydroxide. "The 
etude alumimun ailrate is then treated to remove its impurities, and crystallized. 
Commercially, this salt is made in three grades: technical (about 12¢ per Tb. in 1947), 
purified (about 30€ per Ib.); and reagent (about, G0£ per Ib). The reagent grade con- 
tains as little ax 0.001 to 0.003% of iron. 

In conuneree this salt had chief application in the production of incandescent 
laments, and to a smaller extent in the textile industry as a mordant in connection 
with lake dyes. Today, it is used to the extent of some hundreds of tons per year in the 
production of catalysts, particularly m the petroleum industry, and as a laboratory 
reagent. 

W. H. Scurirezn, JR, 


Aluminum Nitride, AIN. See Nitrides. 


Aluminum Oxide and Its Hydrates; Aluminates. 


Alumina and the Hydrated Aluminas 


Aluminum oxide oceurs in nature as tlie mineral eorundum, or in an impure form 
asemery (see Abrasives). Gems such as ruby and sapphire are forms of alumina colored 
by traces of heavy-metal oxides; artificial stones can be made by fusion in the oxy- 
hydrogen flame (see Gems, artificial). Alumina, AlOs, is also found in the form of 
the hydrated oxides, which are the constitucnts of bauxite, or the bauxite-like material 
known as laterite (which consists mainly of aluminum and ferric hydroxides, with silica 
and minor amounts of other oxides). Table I gives a suminary of information on the 
composition, erystal structure, and other physical properties of alumina and the hy- 
drated aluminas. 

ANUYDROUS ALUMINA 


e-Alumina (Corundum). The principal use of alumina is for the production of 
metallic aluminum, For this purpose, the alumina must meet certain standards of 
purity, aud its physical characteristics must be such as to adapt it to the electrolytic 
reduction process. Because of its high alumina content, and because it can be eco- 
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nomically refined, bauxite is the principal commercial souree of this alumina. For the 
Bayer process, which is generally employed Tor the refining of bauxite, see. cl leaden. 
a-Aluinina, free of other crystalline phases, is produced when any of the pure hydrated 
aluminas or y-alumina is heated for several hours at a temperature o£ 1250*C', or 
higher. 


TABLE I. Crystal Structure and Density of the Various Forms of Alumina. 




















Alumiun form Formula Mineral σα TM E Refractive indexes Den 
a-Alumita^  a-AlO; Corundun [Hexagonal | 5.12 — 6.098le — 1.760, e = 1,768} 4.0 
4-Alunüna — -AhOs; — Cubie 79] — |- η Ξ 1.696 8.4 
a- Mono- e-AlO;, HO [Bélumite Ortho- |, | 3.78|l1.8 |2.85| a — B — y — 1.6024 | 3.0 
hydrate rhombie 
B-Mono- B-AlbO;HsO [Diaspore Ortho- 1B 9.802.852 = 1.702, 3 = 1.722, 3.4 
hydrate rhonibie y = 1.750 
o Triligdrate |e-ATBOS 3110 [(CGibbsite [Monoclinic] 8.62 5.060.691 = 1.560, g = 1.566, 2.412 
(hydrar- y — 1.587 
gillibe) 
8-Tribydrate |6-AlbOs.3E,0 | Bayer- — = | = |-> -— 2.5 
ite” 


























* Melting poiut ahout 2030 °C. 


There is a broad industrial field of applications for this type of alumina, and a 
number of distinctive grades are produced to meet various needs. Que of the outstand- 
ing characteristics of a-alununa is its harduess, which is 9 on the Mohs scale, Almnina 
is this well adapted for use as an abrasive (see "Alumina as an abrasive," p. G46; see 
also Abrasives). 

Other applications of e-alumina include its use as a bedding material in the heat 
treatment of special alloy steels, as a Auxing medium in the melting of special steels, as 
a component of low-expansion glass, as a coustituent of special china glazes, and as a 
raw material for the manufacture of dental poreelains. Alunina with low soda coutent 
is made for refractory applications, such as clectrical insulators, where freedom from 
soda is desirable. | 

Tabular alumina is made by heating calcined alumina from the Bayer process to 4 
temperature not far below the fusion point and has tho erystal fori of corundum. It is 
available in sizes varying from about one-inch Jumps to 800-nesh powder. Because of 
its relatively high melting point, low slwinkage, and chemical inertness, this preshrunk 
alumina is a desirable high-temperature refractory. It finds wide use in the manufac- 
ture of high-grade brick and shapes for metal-melting furnaces, glass tanks, burner 
tips, and similar applications where service conditions are severe. Tabular aluning 
makes an. excellent body for electrical insulators for the radio industry and for the 
production of spark-phig insulator bodies for airplanes and motor vehicles. It is also 
employed as a catalyst carrier where stability at very high temperatures is an essential 
requirement. In addition to the use of refined alumina for refractory bodies, there are 
many refractory bricks and other shapes that employ less pure forms of alumina in 
substantial proportion. | ! 

B-Alumina. References are found in the literature to a form known as 6-alumina. 
However, Ridgway and his associates (2) have found that 8-alumina is formed only in 
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the presence of an alkali; it is essentially, therefore, an alkali metal aluminate of the 
approximate composition Nag. 11AbLOs or NagO.12Ab0;. 
y-Alumina. When the trihydrates of alumina or the e-monohycriate are heated 
to a high enough temperature they lose their combined water and, on further heating at 
about 900°C., form a new erystalline form of alumina known as y-elumina, Heating at 
temperatures above LO00°C. results in conversion to a-alumina. y-Alumina is there- 
fore an intermediate crystalline form of the oxide. The formation of y-ahumina from a 
decomposed hydrate is a progressive one and the x-ray diffraction pattern changes in 
complexity and sharpness of line as the temperature of heating is inereased. The 
literature mentions y, y’, and various other varieties of y or related aluminas. The 
increasing perfection. in the crystalline structure of y-alumina, which is brought about 
by heating, is closely connetted with crystallite growth (1), Under certain conditions 
of formation, particularly at voltages above about 100, the anodic coating formed on 
aluminum contains y-alumina, as disclosed hy the x-ray diffraction patterns. 


HYDRATED ALUMINAS 


The precipitates obtained when solutions af aluminum salis are treated with 
hydroxyl ions contain a variable amount of water and may be represented às AlgOs.- 
rH.Q. However, there are a number of hydrated aluminas that give sharply defined 
x-ray patterns. These are usually termed the a- and -monohydrate and œ- and f- 
trihydrate, according to the terminology introduced by Edwards (3,4), and this termi- 
nology is employed in thisarticle. These substances are also referred to in the literatnre 
as aluminum hydroxides. In this case the trihydrate is usually assigned the formula 
AMOH)s; the monohydrate is sometimes termed a hydroxy oxide, with the formula 
AlIO(OH). Inindustry the objectionable terms "aluminum hydrate? and aluminum 
trihydrate” are both used for alumina trihydrate. 

a-Alumina monohydrate js a common constituent of many bauxites, of which the 
French banxites are typical, It is formed rapidly by heating the -trihydrate in a 
dilute aqueous solution of alkali at a temperature of about 200°C. Monohydrate made 
in this way usually has extremely fine erystals; it has a soft, talelike feeling and will 
smear when rubbed on glass. Its apparent density may be as low aa 5 Ib. per eu.ft. 

Conversion of o-trihydrate to the e-monohydrate goes on slowly by heating and 
aging suspensions of the trihydrates in dilute alkali at temperatures somewhat under 
100°C. Some monohydrate is usually formed when the combined water of the tri- 
hydrate is driven off hy heating in air at temperatures of 300-400°C. The combined 
water of the. a-monohydrate is rapidly lost on. heating to a temperature of about 
450?C., and a thermal arrest is usually observed at this temperature on the heating 
curve. The monohydrate dissolves less readily in acid and alkali than does the tri- 
hydrate. 

6-Alumina monohydrate occurs in nature as the mineral diaspore. The natural 
diaspore is genevally contaminated with clay and other minerals and is difficult to 
secure in pure form, Until recently it had not been synthesized in the laboratory. 
Laubengayer and Weisz (5) have stated that diaspore is slowly formed by heating 
either y-alumina or a-monohydrate in water under pressure at abont 400°C. and in 
the presence of diaspore seed erystals. The 6-monolydrate is less soluble than the a- 
form aud converts to e-alimina by ealeination. | 

o-Alumina trihydrate is tho crystalline hydrate produced in the Bayer process by 
secding and cooling of the sodium aluminate solution obtained from the digestion of 
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bauxite. It occurs in nature as the mineral gibbsite and is the principal constituent of 
oue type of bauxite. 

The a-trihydrate begins to lose water on heating at temperatures above abort 
150°C. The loss of water is rapid at about 300?C., and a thermal arrest is usually 
observed on time-temperature heating curves at that temperature. 

The a-trihydrate is used extensively for the production of aluminum salts, such 
as iron-free aluminum sulfate, soditun aluminate, basic aluminum sulfate, alumimun 
chloride, and aluminum phosphate, since it reacts readily with strong mineral acids and 
alkalies. Another extensive application is in the field of ceramics, where it is used in 
the manufacture of glass, vitreous enamels, pottery, and china glazes. The addition of 
this hydrate to glass is reported to inerease the mechanical strength and resistance to 
thermal shock and gives a glass more resistant to devitrification, with improved resist- 
ance to weathering and attack by liquids. 

This trihydrate can be employed as the starting material for the preparation of 
activated alumina. In the precipitation of the hydrate in the Bayer process, the pre- 
eipilator tanks become lined with a hard, massive shell of the trihydrate. This ma- 
terial, crushed to lumps aud grains and suitably heated to drive off combined water, 
makes an excellent adsorbent and catalyst carrier. 

-Alumina trihydrate can be produced by neutralizing a solution of sodium alu- 
minate with carbon dioxide at a temperature of 20-30°C. Rapid precipitation appears 
to be essential to the formation. §-Tribydrate may also be formed during the pre- 
cipitation of alumina by alkali from solutions of aluminum salts. This compound is 
metastable and changes to the e-trihydrate slowly on standing in contact with alkali. 
This transformation. is accelerated by heating. The 6-trihydrate is not found in na- 
ture. Itis sometimes called “bayerite” on the mistaken assumption that it is the form 
produced in the Bayer process. 

B-Trihydrate aud mixtures of f- and a-trihbydrate are made in the form of light, 
Ruffy powders with an extremely small and uniform particle size. One important usc of 
these fine aluminas is as a reinforcing pigment for rubber, They have found particular 
application in connection with some of the synthetic rubbers, particularly GR-8. 
They are also used for coating papers, as a base for cosmetic powders, as a pigment for 
casein paints, and as fillers for plastic molding compounds, 

Alumina gel. Hydrous alumina or alumina gel is formed by adding ammonia or 
alkali to à solution of a salt such as aluminum chloride. The precipitate is very 
voluminous and appears to be colloidal inform. The gel appears to contain not over 
10% of alumina, the balance water. Jn this form it is the most reactive of the hydrous 
aluminas, and combines with both acid and alkali. The gel ean be dried to a hard, 
glasslike material. During drying, some of the crystalline phases such as the e- and β- 
trihydrate and e-monoliydrate are likely to appear, as disclosed by x-ray examination. 
The conditions of precipitation and drying, particularly temperature, appear to deter- 
mine the phases that ure formed. Heating favors the formation of the monohydrate, 
The dried gel can be activated by heating and has high surface area, which makes it 
useful as an adsorbent and catalyst or catalyst support. 

Light alumina hydrate. “Alumina Hydrate, Light” is à trade name used in the 
printing-ink industry and refers to a material that is principally a hydrated alumina, 
but also contains some sulfate. It has approximately the formula 5A1,0,.280; 7 H50, 
and is à white to eream-colored solid, having a low bulk density, and is produced with 
the view of developing certain physical properties that affect the characteristics of 
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lithographic inks and letter press (especially “provess’’) inks. See Printing inks, Tt is 
prepared by dissolving alum or 18% aluminum sulfate (iron-[ree) in 20 times its weight 
of hot water, and then precipitating the aluminum with soda ash or ammonium car- 
bouste. The moisture content, as determined by a toluene distillation, ranges from § 
to 25%, hut some water of hydration, which ix not detected in the test, is also present, 

Que of the chief constituents of lithographie ink is lithographie varnish, whieh is 
produced by heating a drying oil, as linseed oil, uuder controlled couditious to develop 
“bady” (consistency). The more prolonged the treatment the heavier or more viscous 
the varnish. There is, however, a limit to which the varnish may he bodied, and addi- 
tional consistency is obtained by incorporating alumina hydrate, in the desired propor- 
tions, on a standard three-roll ink mill. In addition to inereasing the viscosity, the 
alumina hydrate also serves to improve the printing properties of the ink. Alumina 
hydrate is also often incorporated in printing iuks as a color lake, formed hy precipitat- 
ing water-soluble dyes on a suspension ol the hydrate. The finished imillecl or ground 
ink, after the addition of pigments and driers, must meet a variety of requirements 
with respect to transparency (the amount of light that passes through a film of the 
ink), livering (the tendency of the milled ink to gel), drying qualities (tire required for 
the ink to dry), and color. Alumina hydrate is not a satisfactory pigment for general 
nse in the paint industry, because of its high oil absorption, relatively high cost, and, 
owing to its extreme activily, its (eudency to liver badly in the presence of the fatty 
acids present in ordinary paints. 

The physical properties of the alumina hydrate will affect in varying degrees all 
of the above requirements for a lithographie ink and these requirements are by no 
means standard. The physical properties can be ehanged somewhat by varying its 
moisture content, the concentration of the reacting solutious, order of addition, the 
temperature of precipitation, the method of drying, the amount of soluble sulfate in 
the finished product, and several other minor modifications during manufacture. 

In addition to its chief use in the ink tudustry, for which it was originally designed, 
this form of alumina hydrate has found some use as a filler in rubber compounding to 
inerease the tear resistance, and in waterproofing compositions. In receut years phos- 
phated alumina hydrate (a similar eompositiou containing sume phosphate) has been 
used to some extent in ink making. 


ALUMINA AS A CATALYST AND CATALYST CARRIER 


Alumina has important uses as a catalyst and as a catalyst carrier. Tor these 
applications, various types are employed, depending upon the characteristics desired. 
The highly sorbent types are known. as activated aluminas. These can be obtained in 
graiitlar or tablet forms of graded mesh size adaptahle to fixed catalyst beds. The ex- 
tent of their surface arca is dependent upon their mode of preparation anc degree of 
activation, Commercial forms have surface areas ranging [rom 100 to 400 sq.m. per 
gran, Most of the types contain soda as an impurity, but in some varieties the soda is 
reduced to 0.1% or less. Certain types of activated aluminas have exceptional resist- 
ance to heat and maintain their high surface areas at 800°C. 

Activated aluminas have been employed in dehydration reactions, such as the 
conversion of etliyl aleohol to ethylene, aud iu other reactions where wator is & reactant 
or product. This type of alumina has activity for many other reactions, for example, 
erucking, isomerization, dehydrogenation, defluorination, and desulfurization. The 
requirements of a successful catalyst are so exacting that they are seldom met by a 


ALUMINUM COMPOUNDS 645 


single compound, and many commercial catalysts are composite structures; activated 
alumina is a valuable component of many such composites. It is employed most Fre- 
quently to impart high surface area, improved stability, more convenient physical 
form, and low eost to the product. 

Such active agents as oxides of molybdeuum, chromium, and vanadium have been 
used to impregnate activated alumina, These provide catalysts suitable for dehydro- 
genation, typified ly the formation of butadiene from butane, or deluydrocyclization, 
whieh has provided an inportant source of toluene aud other aromatic hydrocarbons. 
Catalytically active metals, sucli as nickel, irou, cobalt, and platinum, are supported to 
advantage on activated alumina to increase their utility for hydrogenation and syn- 
thesis. 

Tabular alumina is a porous variety of low surface area. [ft retains its porosity to 
temperatures in the range of the fusiou poiut of alumina. Thìs extreme stability ree- 
ommends it as a carrier for active agents in reactions where large surface areas are not 
demanded. Oxidation reactions are of this character md naphthalene, for example, 
san be converted to phthalic acid anhydride on alumina or an alumina-supported agent. 
"Tabular aluninua is available in varieties having less than 0.05% soda. The high purity 
aud stability of tabular alumina suggests it as an inert material to bhe used as a heat- 
exchange medium or heat reservoir in catalytic reactions. Balls of tabular alumina, 
heated to a high temperature by surface combustion, can be used effectively for ther- 
mal cracking of hydrocarbon gases to lorm olefins in “pebble” heaters. 

Alumina employed as a catalyst support may profoundly influence the perform- 
ance of the catalyst, even though the alumina itself has little activity for the particular 
reaction. It is essential to select the proper type of alumina for a given applieation, 
Further, the amount, of active agent on the alumina must be determined with due re- 
gard to the activity, stability, and cost of the composite. 


ADSORBENT ALUMINAS 

Considered here are two closely related materials that owe their uses to their high 
surface areas: “activated alumina” is obtained by activating, by heat, the product of 
the Bayer process; “activated bauxite” is prepared by direct activation of bauxite. 

Activated alumina is a porous, adsorptive form of alumina usually produced by 
heating the hydrates to a temperature sufficient to drive off most of the combined 
water. Heating must he controlled, however, for if it ig curried to too high a tempera- 
ture, the maximum surface area is not realized. The material is supplied commercially 
in hard grains, lumps, balls, and tablets of various mesh sizes, 

One of the most important commercial applications of this material is iu the dry- 
ing of gases and liquids. Activated alumina will dry air, for example, to a very low 
residual-moisture content. Experiments at the National Bureau of Standards showed 
efficiencies for a series of drying agents as shown in Table IT (9). 


TABLE HL. Comparative Efficiencies of Various Dehydrating Agents. 











Material Residual eer per liter uf Mnterinl Residual water per liter uf. air, 
CaCl, (tech, anhyd.) | 1.25 (1.23 1o 1.27) CaO 0.003 (0.003 to 0. 004) 
CaCl, (anhyd.) 0.30 (0.33 to 0.38) | Mg(CIlO4s. (anhyd.) | 0.002 (0.0016 to 0.0024) 
Milica gel 0.008 (0.002 ta 0.01) | ALO; 0.001 (0.0008 to 0.0012) 
CaSO. (anhyd.) 0.005 (0.004 to 0.006) | Bad 0.00065 (0.0006 to 0,0008) 
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With gas flowing at a rate of 40 lineal ft. per minute or at à rate not in excess of 10 
cu.ft. per hour per tb. of activated ahuina, residual moisture can be reduced to such 
an extent that the gas has a dew point below —1009F. "Phe same degree of dryness 
will be obtained with a higher flow rate, but the adsorptive capacity of the activated 
alumina is cdeereased. Reactivation is sxecomplished by the circulation of preheated air 
or other gases at temperatures in the range of 350 to 600°L. through a bed of activated 
alumina. The adsorptive capacity at 100% effieieney with gas at a temperature of 
30°C. ranges from about 12 to 16%, depending upon the grade employed. 

In addition to its application for drying air and other gases, activated alumina 
finds application in the drying of liquids, such as alcohol and benzene, and refrigerants 
such as Freon, and is particularly useful for the drying and maintenance of trans- 
former and lubricating oils. In addition to removing moisture, the activated alumina 
reduces the acidity and acts as a clarifying agent for oil filtered through it. 

Activated bauxite is made by heating selected bauxites uuder controlled conditions 
to produce a porous and adsorptive material similw in many respects to activated 
alumina, "The bauxite is seleeted with respeet to both composition and structure, 
The bauxite should be one whose aluminous content is primarily alumina trihydrate 
(41501.8520 or AIC(OH)s). For many purposes the iron content should be low. Low 
iron is secured in part by selection and in part by heating, followed by a magnetie 
separation. Usually the activated product is desired in lumps or granules resisting 
attrition in handling and use, a property dependent on the original ore structure. 

Preliminary to the activation step, the bauxite is dried to remove uncombined 
water, and then milled to remove fines and to separate the product into the desired 
mesh sizes. The thermal activating step is most important in determining the surface 
area and activity of the resulting product. The trihydrate begins to lose its combined 
water at about 300?F., but the decomposition beeomes rapid at about 600°, as shown 
by the point of inflection in the heating curve at this temperature. The surface area is 
a function of the heating temperature and is a maximum at about 600°F. The surface 
area and activity decrease when the material is heated at substantially higher tem 
peratures. The surface area varies, of course, with the original bauxite and the activa- 
tion treatment but is generally 100-250 sq.m. per gram. The uses of activated 
bauxite are generally similar to those of activated alumina, but not always identical. 


ALUMINA AS AN ABRASIVE AND REFRACTORY 


The granular calcined alumina from the Bayer process finds extensive uae as an 
abrasive, The properties are varied by varying the temperature of calcination and 
particle size. Certain grades are used in metal finishing, particularly of hard metal 
surfaces of stainless steel and chrome plate. 

Fused alumina of ordinary purity, produced in the electric-are furnace, finds wide 
application both as an abrasive material and for the production of refractories. There 
are two main types of artificial abrasives, silicon carbide aud aluminum oxide. These 
are complementary in tlieir uses and for tho most part do not compete with each other. 
For example, because of its great brittleness, silicon carbide is used for grinding 
materials of low tensile strength, such as cast iron and aluminum, while alumina abra- 
sives, because of their great toughness, are used on materials of high tensile strength, 
such as steel. Over a period of years the production of fused-alumina abrasives hag 
averaged two ta three times that of silicon carbide. The bulk of artificial abrasives 
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manufactured on the American continent is made in Canada, and almost all of this is 
shipped in the crude state to the parent plants in the U.S. for subsequent treatment. 

For the manufacture of regular fused alumina, the main material is calcined 
bauxite, the best grades being preferable aud ruuning up to 0095 AlO, "The size 
ranges from 1/; inch down, though too much fine material (~65M) is not desirable. 
Reduction of the foreign oxides in the bauxite, to leave only the desired amounts in the 
produet, is carried out by meas of coke. Petroleum coke is preferred, but metallurgical 
coke and even anthracite are used. A typical charge might be: enleined bauxite (of 
88-90% purity) 89%, iron borings 9%, and petroleum coke 2%. The metals formed 
by the reduetion of these oxides are removed from the molten alumina Jay adding 
iron borings, nail clippings, ete., to the mix in an amount sufficient fo keep the iron 
atloy formed magnetic aud denser than the alumina. The residual foreign oxides left 
in the molten alumnina lave a great effect on the structure and properties of tlie product, 
aud henee good control must be maintained on the mixture proportioning and the 
furnaecing. "The charge is added to the fumace gradually until the furnace is filled 
with fused alumina and mueh of the iron and silicon is redueed to form a heavy alloy, 
which settles to the bottom of the furnace. The fused alumina, which ranges from dark 
brown to reddish-brown, has à purity of about 95%, and solidifies jute an ingot of 
crystalline alunina, which is then broken up, erushed, and freed from as much as pos- 
sible of the iron by magnetic separation. Some of the titanium and lesser amounts of 
the silicon aud iron remain in the alumina grain. For specifie nse the alumina grain 
may be purified and improved by acid treatment or kiln roasting, 

"The product analyzes about 9595 AlsOs, 1.0 to 1.595 S105, 0.15 to 0.4% FeeOs, and 
3.8 to 4.2% TiOs. It should have a brilliant waxy luster and consist of large crystals, 
The higher the content of foreign oxides the darker the product, but beyond a certain 
limit (especially of silicon dioxide) the product rapidly falls off in grade. Titanium 
dioxide is believed to have a decided toughening influenee on the product. 

‘The modern type of furnace consists of a circular steel shell, about 7 ft. high and 
5-6 ft. iu diameter, with à earbon bottom, sitting on a inovable gnall truck. The shell 
has a slight taper toward the top so that it easily can be lifted off from around the pig. 
The shell is water-cooled, usually by a spray mounted at the top around the outside of 
the shell. This keeps a thin layer of bauxite unfused on the inside of the shell, so that 
the bauxite acts as its own refractory. The furnaces require about 600 kw. at 90-120 
v., three-phase eurrent being used. Iaund carbon elcetrodes, 10 in. in diameter, are 
used, automatic regulation being the rule. The process is a batch one, Some mix is 
added, the electrodes lowered, and the furnace started up. The bauxite, which fuses, 
forms its own conductor and the bath is slowly built up by shovelling in more mix until 
the furnace is full. "This takes about 36-38 hours for a total charge of 13-14 tons. 
The operation of the furnace itself is quite an art. 

A few hours alter the end of the run the shell is stripped off and after a further 
short cooling period, the pig is removed from the hearth and set to cool for 2-3 days. 
The pig is then broken up and the unfused and partly fused charge cleaned off with 
sledge and: hand hammer, before crushing and processing for abrasive grain, The un- 
fused and partly fused material is incorporated in the mixture and returned to the fur- 
nace. Good product averages about 9 tons per pig, so that the yield on new ore 
charged runs about 85-90%, and the recovery based on the total furnace charge about 
65%. Energy consumption is 1.2 to 1.3 kw.-hr. per Ib. of product, and electrode con- 
sumption about 35 lb. per ton of product. 
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For certain kiuds of grinding operations, particularly those requiring cool cutting, 
special fused alumina is required, a slightly purer and more brittle alumina than the 
regular grade. The titanium, which fonghens the product, cannot be economically 
eliminated during the production of the fused alumina, and therefore the usual raw 
material is a pure, white alumina powder, produced by the Bayer process. 

The production of special fused alunina is even more of an art than that of the 
regular grade. The same type of furnace is used, but graphite eleetrodes are required 
so ns not to introduce impurities, [iis essentially a melting process, the alumina being 
charged in rapidly. Overreduction causes the formation of ahnninum carbide, which 
has an injurious effect on the quality of the product. The product ts almost pure white 
and full of minute pores and perforations caused by small quantities of vapor from the 
alkali used in. the preparation of the raw material. The porosity ean be inereased by 
the addition of soda to the charge. The product analyzes over 99% AbOs. Power 
requirements are only abort 50-60% of those for regular, and yields are high. 

Pure natural corundum has dso been used as a raw material for this process, but. 
because its impurities ure higher than Bayer process alumina, the processing is part 
way between that for regular and that for special deseribed above. Coke and iron 
borings are used, with mill-seale additions to counteract any overreduction and 
formation of alumina carbide. 

Amore recent carbon-reduc tion process starts with bauxite and employs additions 
of iron sulfide and lime to form the melt, whieh, in addition to alumina, contains sulfides 
of aluminum, iron, calcium, and magiesiun, acting as 4 solvent for alumina and for un- 
desirable impurities (24). By properly controlled cooling of the melt, the e-alumina 
separates as individual crystals of high purity, which grow to various sizes in the range 
of about 10-200 mesh. These erystals are embedded in à sulfide-containing matrix, 
which is decomposed by exposure to steam or water, The alumina erystals thus ro- 
leased in grain form are separated, acid-washed, dried, sercened, and are ready for use. 
These pore-free crystals are strong, rough, and sharp. Because of better ubrasive 
efficiency than that of grain produced by crushing fused-alumina ingots, the ma- 
terial has been found particularly satisfactory for grinding whees used for high- 
strengih steels. 

Uses. Because of its high fusion point and its chemical inertness, particularly 
in reducing atmospheres, fused alumina of high purity as well as ordinary purity is 
used extensively in the production of quality refractories, The fused alumina grain, 
properly classified and mixed with ceramic bonding agents, is formed into shapes such 
as mufles, crucibles and plates, dried and then fired at a high temperature. Pure 
ulumina refractories will withstand still higher temperatures of use, since they are 
made without ceramic-bond additions, They are fired to develop autogenous bond- 
ing by sintering and recrystallization of the fine pure alumina present in the composi- 
tion. The thermal conductivity of alumnina is relatively high, and lused-aluminu 
products are produced in varying ranges of thermal conductivity, depending upon the 
composition and physic make-up of the structure (sec Refractories). 

Further classification of the grain seloets the size and shape of grain most effective 
for specific grinding and polishing operations. The grain is made into grinding wheels 
and sharpening or honing stones by bonding with ceramic vitrified mixtures or syn- 
thetic resins, hard rubher, ete. Another important product is coated abrasive paper 
(see Abrasives). 

Fused-alumina granules are used to impart nonslip and wear-resisting properties 
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to floors. Inert and strong diaphragms and porous plates for aeration purposes rc- 
quiring controlled permeability are made with fused-alumina grain and ceramic 
honds. 


Aluminates 


The so-called aluminates, such as sodium aluminate and caleium aluminate, are 
usually given the formulas NaAlOs and Ca(AlO2), aud. are referred to as ^metalumi- 
nates.” They may be considered to be compounds formed by reaction of the bases 
caustic soda and lime with the amphoteric monohydrate. For the spinels, see Mag- 
nesium. 

Calcium aluminate. See Cement; Cement products. 

Flucaluminates. See Fluorine compounds, inorganic. 

Magnesium aluminates. See Magnesium compounds. 


SODIUM ALUMINATE 


Sodium aluminate is a white crystalline solid, m.p. above 1700°C, Commercial 
~ products will vary in color from white to pale green to brown. Colors other than white 
are generally due to iron oxide impurity. Solutions of the pure product are not stable 
but hydrolyze readily with the precipitation of alumina trihydrate. Solutions can be 
stabilized by use of excess sodium hydroxide (41) or by use of polyhydroxy organic 
compounds such as tartrates (57). 

Although sodium aluminate lias been known for many years, having been manu- 
factured as an integral step of the Bayer process for the extraction of pure alumina 
hydrate, its general use as a commercial product began about 1925 when Kern (54) 
and Evans (55) independently found it to be very effective in several types of water- 
treating problems. Since then production has increased greatly and numerous other 
uses have been found for it. 

Physical and Chemical Properties. The formula for sodimn aluminateis variously 
written às NaAIOs NagAbOs, and NaQ.ALO;. Work on freezing-point-lowering data 
indicated that alumina in sodium aluminate solutions occurs as NaAlO, (46,51). 
Conductivity data on solutions of sodium aluminate showed that the salt undergoing 
hydrolysis was of a monobasic acid (44). 

The solubility of sodium aluminate is given as 44.3 grams per 100 grams of satu- 
vated solution at an unspecified temperature (50); the solid phase with which the 
solution is in contact is NagO.AbOs.2!/2H.0. A stabilized sodium aluminate hydrate, 
having à molar ratio of NasO to AlOs of 1.11 to 1.00, is soluble to the extent of 90 
grams in 100 grams of water, producing a solution containing 47% of solids (57). 
Sodium aluminate hag been found to crystallize as colorless rounded grains (80). 
It is biaxial negative with indoxes of refraction: a = 1.566, 6 = 1.575, and y = 1.580, 
all +0.003. The optic axial angle is meditm small, about 30°. It has also been given 
as 38° (9,10). Twinning commonly occurs. 

Sodium aluminate was found to exist from temperatures below 1100°C. to above 
1700°C. (40). The melting point was given as 1650°C. (42), but more recent work 
(30,40) shows that the melting point is above 1700°C. 

The heat capacity of a sodium aluminate solution, as well as the heat of solution 
and heat of reaction of gibbsite, e-AlOs.3H0, in a sodium hydroxide solution, has 
been published (48). The heat of formation from Na,O + amorphous AlzO, is 2 Na- 
AlO: + 40,000 calories, and for a erystalline alumina +30,000 calories (45). 
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Complete reaetion between sodium carbonate and alumina takes place at 1100- 
1200?C. (30,34,40,42) also given as 950°C. (87), and incipient formation of sodium 
aluminate begins at about 720°C. The reaction of sodium carbonate and alumina at 
elevated temperatures has served as the basis for much of the sodium aluminate pro- 
duced commercially. However, some comniercial processes form sodium aluminate at 
low temperatures by using sodium hydroxide and a triydrate (AbOs3H30), such as 
gibbsite, sometimes referred to as a-trihydrate. 

Concentrated solutions of sodium aluminate rapidly deposit alumina trihydrate, 
leaving an excess ol sodium hydroxide in solution (35,57). If the sodium aluminate 
solution is at 60-100°C., the trihydrate precipitated is in the form of a-trihydrate 
(25,35). If the trihydrate forms at room temperature, then il is precipitated as £- 
trihydrate or “bayerite”? (38). 

For many industrial uses this instability of solutions is very undesirable. Several 
methods have been described in the literature as being effective in stabilizing sodium 
aluminate solutions. The eommonly employed methods use either excess alkali or 
the polyhydroxy organic compounds (57). 

Where excess sodium hydroxide is used to give a more stable product, care 
must be exercised to exclude the reaction of carbon dioxide with the sodium hy- 
droxide; otherwise the amount of insoluble alumina increases rapidly. 

Manufacture. In the commercial manufacture of sodium aluminate two general 
methods are employed for its production in a solid, granular, or powdered form. (1) 
The dry method provides for the calcination of an aluminous material, such as bauxite, 
with sodium carbonate. (2) The wet method provides for the solution of a trihydrate, 
such as bayerite, in caustic soda. The solution is then dried to any desired moisture 
content. 

In the dry method the aluminous material is mixed intimately with sodium car- 
bonate and the mixture heated in a rotary kiln at temperatures of about 900~1100°C. 
until the reaction is completed. In view of the fact that sodium hydroxide combines 
with silica to form soluble sodium silicates, this process generally requires a bauxite 
ore of ‘ow silica content. Ordinarily, silica in the bauxite ore should be under 5%. 
On the other hand, iron or titanium may exceed 10% without deleterious effects. 

In the wet method, bauxite ore or an alumina trihydrate is dissolved in a hot caus- 
tic soda liquor. The temperature at which this reaction ig carried out varies with the 
different, methods used. Solution of alumina trihydrate is effected at 120°C. (57). 
The viscous liquor is then drum-dried at temperatures not exceeding 200°C. to give a 
white crystalline sodium aluminate containing about 20% moisture. In another 
patent (56) bauxite is treated with caustic liquor at a temperature of about 140°C. 
Following several other steps described in the patent, the dry mass is roasted at about 
720°C. to complete the reaction. The final product contains about 0.6% moisture. 
Other patents and methods for producing sodium aluminate are essentially variations 
of the above described types of reactions. 

Production. statistics are available for one year only. In 1935 the U.S. Bureau 
of the Census reported a production of 6770 tons of sodium aluminate valued at 
$417,728. An ostimate of production for the year 1946 would be about 30,000 tons. 

Analysis. The purity of dry sodium aluminate depends upon the method of 
manufacture and the purity of the raw materials. An analysis of sodium aluminate 
generally includes the determination of soluble alumina, soluble silica, total insoluble 
material, sodium oxide content, and carbon dioxide. The determination of the soluble 
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or available sodium ahuninate presents difficulties, however, as sodium aluminate 
tends to hydrolyze to alumina iribydrate when dissolved in water. Since the degree 
of hydrolysis to a large extent depends upon the amount of dilution, temperature, and 
time, it is necessary to use a method of analysis that takes into consideration the 
control of the hydrolysis, and at the same time gives the amount of available sodium 
aluminate that will be encountered in plant practice. This is best done by extraction 
of the soluble alumina with a highly caustic solution in the analysis. 

Commercial grades of sodium aluminates vary between 70 and 95% sodium 
aluminate, and between 0.00 and about 10.0% water insolubles, 

Uses. One of the most important uses for sodium aluminate is in the treatment of 
water. In clarification, the use uf sodium aluminate in conjunction with alum will 
olten give more effective coagulation, a more nearly neutral water, and a. water lower in 
sodium sulfate content than is obtained when alum alone is used as the coagulant 
(29,47). In lime-soda softening it has been shown that in addition to effecting ex- 
vellent coagulation of the precipitated solids, more complete softening reactions can be 
obtained, so that final waters ave appreciably lower in residual hardness (23,30). 
Sodium aluminate is also a valuable adjunct in the internal treatment of certain types 
of boiler waters (32). (See Water, industrial.) 

In the operation of steam-generating boilers, silica in many cases is a very un- 
desirable constituent in the feed water. Sodium aluminate has been used successfully 
as a pretreatment agent for the removal of silica. The optimum removal is effected 
by adsorption on the alumina floc under definite pH conditions (49). 

Sodium aluminate has been reported as being particularly effective in the clari- 
fication of sugar-beet and cane juices and corn sirup (27,36,52). 

Sodium aluminate is used extensively in the paper industry to improve size 
quality. This improvement can be obtained with an actual decrease in production 
costs over those using alum alone (28). Paper sizing depends upon the use of sodium 
aluminate in conjunetion with alum and rosin to effect sizing under much less acid 
conditions (58). The following types of products are improved. Bonds and fine 
papers: because of lower acidity a more permanent sheet is obtained. Coated boards: 
experience has shown that boards that are sized under less acid conditions can be 
coated more readily and effectively. Colored papers: inasmuch as certain dyes are 
extremely sensitive to pH, more alkaline sizing conditions enable the formation of 
shades that cannot be obtained by the normal alum method of sizing. (See Paper.) 

A large tonnage of sodium aluminate is used annually for the production of 
synthetic aluminosilicate zeolites. ‘The use of these zeolites for softening water is 
rapiding increasing. (See Ion exchange.) 

In the ceramic industry, in the production of acid-resisting enamel slips more 
stability as to mobility and yield value has been obtained when sodium aluminate was 
‘used as a setting-up agent. The slips were also more readily controlled (43). 

In the production of so-called heavy-clay products, such as fireclay sewer-pipe 
body, sodium aluminate addition increased kilu strongth and reduced loss of strength 
from weathering (81). 

As binding agent for welding-rod flux coatings, sodium aluminate coatings have a 
high melting point and are more suitable for use on ferrous-core wires, including the 
stainless steels and related alloys of high melting points, than the fluoride and silicate 
‘coatings (26). | 

Although of minor importance, other uses aro in the preparation of alumina bases 
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for printing inks, fireproofing of awnings, delustering of rayon, precipitation of soap 
from glycerol lyes, production of certain types of catalysts, and prevention of etching 
and abrasion of glass bottles in contact with strongly caustic solutions in bottle 
washers. 
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Aluminum Phosphate, AIRO, See Phosphoric acid. 
Aluminum Silicates. Sce Silica. 


Aluminum Sulfate and Alums. 


“Alum” is derived from the Latin alumen, which was applied to several astringent 
substances, most of which contained aluminum sulfate (ἃ). The term “alum” is now 
used in several different senses. “Common alum” or “ordinary alum” usually refers to 
potash alum (potassium aluminum sulfate, KA1(SO4)..12H;O0—aetually [KAI(HSO)a]- 
SO, 0IH,0—fonrnerly considered to be IS804,A14(804)s.24H530), or to ammonia alum 
(ammonium aluminum sulfate) according to ceonomie eonditions. The U.S. Phar- 
macopocia lists both of these double sulfates under Alum. The term is also applied 
to a whole series of crystallized double sulfates (MEM™#(80,)..12H20) of the same 
crystal structure as the ordinary alums, in whieh sodium and other univalent metals 
may replace the potassium or ammonium, and other trivalent metals may replace the 
aluminum. Even the sulfate radical may be replaced, as by selenate. Examples 
of alums are: cesium alum, CRAI(SO412H;0; iron alun, KFe(804).12H:0; 
chrome alum, KCr(SOs)s 19H50; and ehromoselenie alum, KCr(SeQ)2.12H.0. See 
Chromium compounds, Iron compounds; ete. 

Since aluminum sulfate has today largely replaced potash and ammonia alums for 
industrial purposes, it is frequently called simply “alum” or more specifically, "paper- 
makers alum." 
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“Pseudoalums” are a series of double sulfates, such as F'eSO, AL (80 4),.241150, 
containing a bivalent element in place of the univalent element of ordinary alums. The 
pscudoalums have different crystal structures from the ordinary alums. 

Aluminum sulfate, Al(SO,),, crystallizes from water solutions with 18 molecules 
of water, and as used today is & partially dehydrated salt, Al; (SO 4)s.14(or 14.5)EL0, 
commonly known as *papermakers! alum." Crude aluminum sulfate is called “alum 
cake,” aud, if much iron is present, “ahon ferrie cake.” 

Anhydrous aluminum sulfate, formula weight 342.12; m.p. 770°C. (dec.); 
sp.gr. 2.71; is soluble to the extent of 36.15 grains in 100 mal. of water at 20°C., soluble 
in dilute acid, and slightly soluble in alcohol. The 9-hydrate, formula weight 504.27, 
decomposes before melting; dj’ 1.705; is soluble in water, acid, and alkali. The 
18-hydrate oceurs in nature us the mineral alunogenite, formula weight 666.41; 
m.p. 86.5°C. (dec.); di’ 1.69; soluble to the extent of 107.85 grams in 100 ml. of 
water and insoluble in aleohol. Numerous other hydrates have been reported. 

Basic sulfates, such as the mineral aluminite, Al(OH) .80,.711,0, sp.gr. 1.66, occur 
naturally and may be prepared by boiling the pure normal sulfate with freshly pre- 
cipitated aluminum hydroxide. For hydrated alumina containing some sulfate, and 
sometimes called a basic aluminum sulfate, see “Light alumina hydrate," page 643. 

Aluminum sulfate comes to the market in two grades, commercial (0.5% max. 
iron) and iron-free (0.005% max. iron). Commercial aluminum sulfate produced in the 
US. is made directly from bauxite. 

The bauxite is ground to the necessary fineness and sent to large digesters con- 
taining sulfuric acid, where it is boiled for several hours until the reaction between 
the alumina hydrate and sulfuric acid is completed. This impure solution is then 
settled and decanted, thus removing silica and other insoluble materials. The clarified 
solution is concentrated by evaporation to the desired density, which 1s approximately 
61.5? Bé. After cooling, the hot concentrated sirupy solution forms a solid, whieh is 
then crushed and ground for shipment, or cast into slabs (like large bricks). 

The finished product may have the following analysis: insoluble, 0.08%; AlOs 
(total), 17.15%; Fe.Ozs, 0.45%; SOs, 39.66%; water of composition, 42.6695. The 
finished product is generally sold in either‘slab, liquid, lamp, ground, or powdered 
forms. 

Probably the largest use for commercial aluminum sulfate is in the paper industries, 
where it is used for clarification of processed water, for the setting of certain types of 
dyes, and for the sizing of paper in combination with “rosin size.” Other large uses are 
in water purification, as a precipitating agent in sewage-treatment plants, a mordant 
for dyes, in fireproofing, etc. See Paper; Sewage; Water, municipal. 

In 1945 there was 545,209 short tons of commercial aluminum sulfate (the cheap- 
est aluminum salt) produced in the U.S., with a value of $11,825,418. There were 
eight municipalities that produced their own commercial aluminum sulfate for water 
clarification; this consisted of 12,062 short tons for 1945 (2). 

The iron-free sulfate of alumina is produced in much the same manner as the com- 
mercial material, with the exception that alumina hydrate (product of the Bayer 
process) is used as a raw material in place of bauxite. The physical characteristics are 
the same as the commercial product, except that the color of the iron-free sulfate is pure 
white. In 1945 a total of 29,731 short tons, with a value of $1,053,104, was produced in 
the U.S. (2). . 
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ALUMS 


Ammonium aluminum sulfate (ammonia alum), NH,AI(SO4).12H,0, formula 
weight 453.32, is a colorless crystal, with a strong astriugent tasto; m.p. 94.59C.; 
sp.gr. 1.645; the anhydrous salt is soluble to the extent of 8.34 grams in 100 ml. of 
water at 30?C., soluble in dilute acid, and insoluble in alcohol (1). The hydrate, on 
heating, dehydrates to porous exsiccated alum (dried or burnt alum), formula weight 
287.18, and on further heating decomposes to pure aluminium oxide. 

Ammonia alum is manufactured by crystallization from a mixture of ammonium 
sulfate and aluminum sulfate. It is also produced by treating aluminum sulfate and 
sulfurie acid with ammonia gas. In 1945, 8460 short tous of ammonia alum, with a 
value of $570,583, was produced in the U.S.. It is sold in U.S.P., c.p., and teeh. grades, 
in lump, ground, and powdered forms. 

Ammonis alum is used in medicine, as a mordant in dyeing, in water purification, 
in paper sizing, aud in dressing of skins. 

Potassium aluminum sulfate (potash alum), IKAI(8O;)s.12H30, formula weight 
474.38, is a white crystal; m.p. 105?C.; sp.gr. 1.7571; the anhydrous salt is soluble to 
the extent of 7.74 grams in 100 ml, of water at 30°C., soluble in dilute acid, and in- 
soluble in aleobol (1). The hydrate, on heating, dehydrates to porous exsiceated alum 
(dried or burut alum), formula weight 258.19, which when treated with carbon pro- 
duces H.omberg's pyrophorus, a flammable compound containing potassium sulfide. 

Potassiun alum occurs naturally in such minerals as alunite (alum stone), 
KSAI(SOQA4(OH):, sp.gr. 2.58 to 2.75, and kalinite, KAI(SO.)2.12H20, sp.gr. 1.75. 
Commercially it is produced by treating bauxite with sulfuric acid and then potassium 
sulfate. Other methods are by calcination from alunite, leaching with sulfurie acid, 
and crystallization of alun, with recovery of aluminum sulfate from mother liquors, 
or by conversion of aluminum sulfate to alum by addition of potassium sulfate. In 
1945, 4844 short tous of potash alum, with & value of $895,859, was produced in the 
U.S. Itis sold in U.S.P., e.p, nud tech, grades, in lump, ground, and powdered forms. 

Potash alum is used in medicine, as a mordant in dyeing, in water purification, in 
paper sizing, and in dressing of skins. 

Sodium aluminum sulfate (soda alum), NaAI(SOs)s12T1,0, is a colorless oeta- 
hedeal or monoelinie erystalline substanee, sp.gr. 1.675, melting at 61?C. in its water of 
crystallization. It; las an astringent taste, and the anhydrous salt is soluble to the ex- 
tent of 40.9 grams in 10 ml, of water at 20°C., soluble in dilute acid, and insoluble in 
alcohol, 

Soda alum oceurs naturally as the mineral mendozite. Tt is produced from 
aluminum sulfate by adding a clear solution of sodium sulfate. The charge is then 
diluted to 30? Bé. and heated, and a slurry of potassium sulfate, sodium silicate, and 
alkali (soda ash) is added to improve the characteristics of the product. The charge is 
next pumped to the digester, where it is mixed for several hours by circulation, During 
this period, chemical analysis is made and the ratio of aluminum sulfate to sodium 
sulfate is adjusted by additions of either salt solutions or aluminum sulfate solutions. 
The charge is then pumped to the evaporators where it is evaporated to such a eon- 
sistency that when it is diseharged upon the cooling pans it will yield a hard cake. 
This sodium aluminum sulfate cake is charged into roasters, and, after heating, the 
material is ground to a fineness of 99% throug: a 100-mesh screen, The finished prod- 
uct is packed normally in 100-lb. paper bags or in barrels. . 
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Baking powder (q.v.) manufacturers utilize the largest amount of soda alum, The 
sodium aluminum sulfate (S.A.S.) reacts with sodium bicarbonate to liberate earbon 
dioxide, which raises the dough. 
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ALUMINUM PAINT. Sec Paint. 

ALUMS. Sce Aluminum compounds; Chromium compounds; Iron compounds; ete. 
ALUM STONE; ALUNITE, K;Al(SO;),(0H):s. See Aluminum compounds. 
ALUNOGENITE, Ab(S0O,);.18H20. See Aluminum compounds. 

ALZAK PROCESS. See Aluminum. 

AMALGAMATION PROCESS. See Gold; Silver. 

AMALGAMS. See Mercury alloys. 

AMATOL. See Erplosives. 

AMBER. Sec Resins, natural. 

AMBERGRIS. See Perfumes; Waxes. 

AMBLYGONITE, LiAlPO,(F,OH) See Lithium compounds. 


AMEBACIDES 


An amebacide is an agent that is effective in the destruction of amebas. Endamocba 
histolytica is the natural pathogen for man and for certain monkeys, as of the genus 
Macacus (macaques). This ameba is a unicellular organism that destroys tissues by 
lysis (cell destruction or disintegration) and ingests red cells and tissue fragments. 
In man and monkeys, cysts (round, relatively resting, and resistant forms) inhabit 
the large bowel, and trophozoites (motile forms) invacle the tissues, causing ulcers. 
When amebas migrate to the liver and other organs, abscesses may form. 

Potentially useful agents to control this infection are those having a sufficient 
margin of safety to permit their extensive therapeutic use without harm to the host. 
In effect, the drug hazard should not exceed the disease hazard. Agents that are 
only amebastatic are not useful, since reduction in the number of amebas will not rid 
the host of the disease; conceivably, a single ameba might multiply and ultimately 
produce lesions in a presumably "arrested" case. The end point, therefore, of any 
experimental test for amebacidal activity must be complete killing of all amebas ex- 
posed to the chemical under trial. Of a great variety of amebacides tested, the arseni- 
cals, halogenated hydroxyquinolines, derivatives of ipecac and of chaparro amar- 
goso, some acridines, and subtilin ave the most promising. 

In the chemotherapy of amebiasis, methods for evaluating new drugs were out- 
lined by Leake in 1932 (9). In evaluating an amebacidal agent, the activity is ex- 
pregsed as that concentration which inhibits growth of a stock culture of amebas in a 
given nutrient medium over the test period (12). 
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Evidence of toxicity may be obtained by using tissue cultures and applying the 
agent in concentrations known to be active in vitro (6). This method permits the 
establishment of a cyloloxte index (ratio of lethal concentration of agent for ameba to 
lethal concentration for host, tissue cells), 

In vitro screening techniques are followed by Zn vivo appraisal of the compounds 
believed to have possibilities as amebacides. Although itis necessary that man be used 
as the experimental animal (10) for a final decision as to whether a new agent is effec- 
tive in acute amebic hepatitis, this procedure is followed only after repeated use in 
monkeys (1,3,7) (and other laboratory animals to determine species differences in 
tolerance or toxicity). 

One of the diffieulties encountered iu the appraisal of new amebacides is that an 
effective agent may have little in vitro activity. 'Phis 18 the ease for carbarsone, one 
of the most successful clinieal agents in chronie amebiasis, which has little in vitro 
activity as compared with emetine and diiodoquin and which required. excessive 
doses over prolonged periods to produce results in the monkey. This suggests that 
some amelacides may be changed in the host to à more active form (as in the case of 
pentavalent arsenic), or that stimulation of the natural defense mechanisms of the 
body is initiated. In addition, the problem of chemotherapy is complicated by 
organic disorders, which may impair the detoxication of arsenicals or halogen-contain- 
ing amebacides, Another complication is the apparent disappearance of amebas 
in the feces over long periods when actually the disease las not been arrested. 

Tn evaluation of new agents the chemist and biologist must cooperate closely to 
make human trials as safe as possible. The chemist must be certain that he is supply- 
ing uniform lots ol the effective agent so that dosages of dangerous amebacides can be 
strictly controlled. The biologist must he adept at identification of the pathogen, as 
well as skilled in the methods for keeping stock cultures for the in vitro screening tests 
and the Zn veo tosta on monkeys. 

In practical chemotherapy, chronic, excessive use of any amebacide, especially 
emctine, is to be condemned; only by alternating the use of various chemical types 
of drugs can untoward reactions and toxicity be avoided. 

With these qualifying conditions in mind, it is possible to outline in tabular form 
(Tables 1-1V) the present state of our knowledpe of suggestive chemical and biological 
types of amebacides. 16 must be re-emphasized that only by extensive trial over a 
period of years ean one be certain that an agent ean properly be classified as an ame- 
bacide, since dr ettro values are approximate at best. Correlation of values found in 
the test tube, in the naturally infected monkey, and in man may provide some feeling 
of security in the present methods of evaluation. Although no one agent currently 
employed meets all the criteria thus far elaborated, emetin and some of its derivatives 
remain outstanding in controlling the acute symptoms of amebie dysentery, amebie 
hepatitis, and hepatie abseess, — Carbarsone (U.S.P. XIII, p-earbamidobenzenearsonic 
acid) is most effective among the arsenicals for the control of chronic and acute 
amebiasis (see Arsenie preparations). 5-Chloro-7-i0do-8-hydroxyquinoline (iodo- 
ehlorohydroxyquinoline, N.F. VIII) and Diodoquin (N.N.R., 5,7-diindo-8-hy- 
dvoxyquingline) we the most effective halogenated hydroxyquinolines, 

Recent in vitro studies and trials in natural amebic infections in macaques sug- 
gest that other chemical and biological types offer promise. Subtilin, a new anti- 
biotie (g.».), may prove useful (2). The “arsenoxide” (arsenosophenylurea) corre- 
sponding to earbarsone is many times more active in vivo and im vitro than car- 
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TABLE IV. Cysticidal Activity of Cationic Detergents. 











Ageut Cyst EDoo 

n-Hexadecyltrimethylammonium bromide... 0.0.0.0... eens 70,800 
n-Hexadecyldimethyl(2-hydroxyethyDammonium ehloride........ esee 87,100 
n-Hexadecyldiethyl(2-hydroxyethyl)anuonium chloride. ........ eese εν 33,000 
n-Hexadeey!-di-n-propyl(2-hydroxyethylammonium, chloride.... 0.0.2.0... 0055 20,000 
n-Hexadecyl-di-n-butyl(2-hydroxyethylammonium chloride... 0.0.0.6 .06 ee 85,100 
*"Zephiran" (*Roceal"), industrial grade, 2... sese 20,000 
“YZephiran” (“Roceal’), technical crude... .. 0.0. eee ene 40,700 
Alkyldimethylbenzylammonium chlorides (Cy to Cig)... ee ees 41,700 
{2-[2-(p-£-Octylphenoxy)othoxy]ethy] }dimethyl(p-cliloropheny) ammonium 

DII MMC 46,800 
12-[2-(p-t-Octylphenoxy)ethoxy] ethyl dimethyleinnamylammonium ehloride^.... » 30,000 
[2-(p-t-Octylphenoxy)ethyl] diuethylbenzylammonium n-undeeylate, , .......... 38,000 
I-n-l'etradeeylpyridinium ehloride. ........ lessen 20,000 
1-n-Tetradecyl-3-carbamylpyridinium bromide.......... eee 56,200 
l-n-Tetradecyl-4-methylpyridinium chloride.... 0.0... ee 182,000 
1-n-Hexadecylpyridinium chioride.....00 20. eee teres 74,000 
1-n-IHoxadecyl-3-carbamylpyridinium bromide....... 2 sese esses 21,600 
1-Allyl-4-n-Aridecylpyridinium bromide........ et eee ees 28,800 
1-n-Hexadecy!-1-(2-hydroxyethy])piperidinium chloride... ....0........0.0.005 37,200 
1-n-Hexadeeyl-1-(2-hydroxyethy])morpholinium ehloride..........2..6. 000, 58,900 


1,3-Di-n-octylbenzotriazolium bromide... 0... 00k cece tee eens > 42,700 


a -Octyl is the group (CH3)4C.UITC(CIT;)s—-. 


The original experimental work given in these tables was performed under a contract recommended 
by the Committee on Medical Research, Office of Scientific Rescarch and Developmeut, and the Uni- 
versity of California Medical School, San Francisco. The eontract was subsequently supported by 
the Surgeon General's Offiee, Army Serviee Forces, United States Army. ` 


barsone, and is well tolerated in effective amounts by the macaque and man. Other 
agents within the level of activity of emetine include a crystalline product or products 
of chaparro amargoso, some of the acridines, trivalent arsenicals (arsine derivatives), 
and cephaeline isoamyl ether acid phosphate. More intensive laboratory and clinical 
trials are required to evaluate fully these additions to the current list of amobacides. 
Finally, chemical modifications of antibiotics now available may lead to the production 
of more potent amebacides. Equally important is the simultaneous use of other agents 
to enhance the amebacidal effectiveness of surface-active amebacides. 

For the sterilization of food and water, heteropolar cationic, surfacc-active agents 
have been examined by Kessel and Moore (8) in investigating amchic cysticidal activ- 
ity in vitro, Halogenated compounds have not been entirely satisfactory because of 
their partial inactivation by organic nitrogenous materials and by alkaline solutions; 
high concentrations of iodine and chlorine are also distasteful and may be toxic, thus 
rendering treated food and water unfit for use, 

From the tests, the effective amounts required to kill 50975 of cysts (ED) were 
calculated according to the methods of Reed and Muench (11). The results of Kessel 
and Moore (8), summarized in Table IV, suggest the most active types in dilutions of 
1:20,000 or more. Their tests are in agreement with Wright’s observations and were 
confirmed by Fair e£ al. (4). 

The relative cysticidal activity in vitro of diiodides and triiodides has been rein- 
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vestigated by Fair. For solutions containing 1000 p.p.m. of iodide ion, in which 90% 
or nore of the active iodine is present as triiodide, the cysticidal level was found to be 
20-25 p.p.m. for a 10-minute contact period at 23°C. at pH 5, indicating that triiodide 
is nob as effective ns diiodide solution. Monochloramine (NH;CI) and dichloramine 
(NHCL5) solutions were found by Fair to show greatest difference in activity at low 
temperatires (°C.). Thirty minutes of contact at pH 4 showed dichloramine to be 
cystieidal nt 4.0 p.p.m.; at pIT 7, mixed chloramines at 11 p.p.m.; and at pH 10, mono- 
chloramine at 25 p.p.m. 
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H. HE. ANDERSON AND Eper L. HANSEN 


AMERICIUM. See “Element 95” under Elements. 
AMESITE. See Silica and silicates. 
AMIC ACIDS. See Amides. 
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Metallic Amides 


The metallic amides are compounds in which a metal has replaced a hydrogen 
atom of one or more ammonia molecules, such as NaNHe, sodium amide (sodamide), 
and Ca(NHz_)s, calcium amide, In the nitrogen system of compounds (q.v.) they are 
bases, corresponding to metallic hydroxides in the oxygen system. Many metallic 
amides, particularly those of the amphotcric metals, spontaneously lose ammonia in- 
tramolecularly. ‘The bettcr known metallic amides are extremely reactive and must 
be stored under an inert liquid, They are valuable condensing agents in organie syn- 
theses, especially for ester and nitrile condensutions, but have seldom been put on the 
market because of the hazards involved in storage and handling (1). 

Metallic amides can be prepared directly from the alkali metals and ammonia 
(q:v.), but this reaction fails with amines. Lithium or magnesium derivatives of pri- 
mary and secondary amines are conveniently prepared by adding the amines to solu- 
tions of lithinm allcyls or to Grignard reagents. The most important metallic amide is 
sodium amide (g.v. under Sodium compounds), used in tne synthesis of sodium azide 
(NaN;) and sodium cyanide, ‘as well as in organic syntheses such as that of indigo (see 
Alkaline fusion; Indigoid dyes), in alkylation (as of ketones), and in ammonolysis (g.v.). 
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Acid Amides 


Amides of acids are derivatives of ammonia in. which one, two, or all three hydro- 
gen atoms have been replaced by acid radicals, usually RCO— or RSO»— in the case 
of organic amides. In the nitrogen system of compounds (¢.v.) the amides are am- 
mono aquo acids, whereas metallic amides are bases, and amines (q.v.) are ammono 
alcohols or ethers. (See also Azmidines.) The amides of carboxylic acids are classified 
as primary, RCONH); secondary, (RCO)2NH; and tertiary, (RCO);N. The primary 
amides are of chief technical interest. Those which have alkyl or aryl groups attached 
to the nitrogen atom are derivatives of primary or secondary amines; this RCONHR’ 
may be regarded as either an N-alkylated amide or an acylated primary amine. The 
diamide of carbonic acid is urea (q.v.), COCNH2)., sometimes called carbamide; the 
monoamide is carbamic acid, NH,»COOH, whose esters (particularly the ethyl ester) are 
often known as urethans (q.v.) or urethanes, For sulfonic acid amides, RBO.2N He, see 
Sulfonamides. In addition to urea, the most important organic amides are acetamide 
(q.v.), CH;CONHe, and acetanilide (¢.v.), CHsCONHC,H,, though interest is increas- 
ing in the higher amides, derived from fatty acids, as solvents for waxes and plastics. 
In thio amides, as RCSNHhb, sulfur has replaced oxygen. 

Amides of inorganic acids are not commercially important except for sulfamide 
(q.v.), 8O2CN Ho), and sulfamic acid (7.0.), NHLSO.H, the di- and monoamides, respec- 
tively, of sulfuric acid. See also “Chloraimines” under Chlorine compounds, inorganic. 


NOMENCLATURE 


Primary amides are mostly named by adding the suffix "-amide" to the root of the 
acid name, or in the I.U.C. system to the name of the corresponding hydrocarbon; 
CH;CONH? is thus named acetamide from acetic acid, or methanamide from methane. 
If the acid name ends in "-earboxylie neid” (see Acids, carborylic), the amide name 
ends in “-carhoxamide” (or ‘earbonamide”). The N-substituted amides derived from 
primary aromatic amines often bear part of the name of the parent amine also, as acet- 
anilide (¢.v.), CH;CONHCyH,, and p-acetophenetide (acetophenetidin, see Analgesics), 
CH; CONHC HOCH; (see also Anilides). Monoamides of dicarboxylic or other di- 
basic acids are designated by the suffix ‘-amic acid,” as in suceinamie acid, NITCO- 

_CH,CH,COOH, and sulfamic acid, NH.SO;H. Intramolecular primary amides such ag 
formula (I) are called lactams (g.v.) and intramolecular secondary amides are called 
imides (g.v.), for example, phthalimide (ID. The term polyamide is used for com- 


0 
Οπ----ΟὈς ve 
(D | NH NH (ID) 
CHa— 007 ναό 
0 


pounds containing more thai one —CON-== linkage (see Amino acids; Polyamddes; 
Proteins). Secondary and tertiary amides are named similarly to the primary, as 
diacetamide, (CH;CO),.NH, and triacetamide, (CH3CO)4N. 


PHYSICAL AND CHEMICAL PROPERTIES 


The simple amides, with the exception of formamide, which is a liquid, are crystal- 
line solids, Their boiling points are considerably higher than those of the parent acids 


(see Table I). 
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The lower primary amides (C,-C,) are soluble in water, but the solubility 
decreases with inereasing molecular weight im the aliphatic series. 
matic amides are relatively insoluble in cold water but moderately soluble in hot water. 


TABLE I. Acid Amides. 


The simple aro- 



































Common name nonyms Formula fs pee} Bp, °C. a? w 
Formamide Methanamide HCON H» 2.5 210.7 1.133 1,4453022.7 
Acetamide Ethanamide CELCON H; 82-83 222 1.189 1.84 
Stearamide Octadecanumide |CHy(CHa)isCON Hy 109.7 25 lie — — 
Benzamide Benzeneearbox- — CIT; CONIT, 130 288-290 1.341: --- 
amide 

Nicotinamide 38-Pyridineearbox- |C;H;NCONTT, 122 — — — 
amide 

Acetanilide N-Phenylaeet- CH4CON HCl; 114 304-305 |1.21: -- 
amide 

Acetoacetanilide |g-ISetobutyr- CH43COCHsCON H- 85 --- — — 
anilide CH, 

Acetophenetidin [p-Acetopheuctide; CH3CON ITC;H;- 187-138 dec. — 1.54 
phenacetin OCT; (p-) 

Benzanilide N-Phenylbenz- — |CqHs;CONTIC Us 161 L17 -119 [4.3214 — 
amide 

Urethan(e) Ethyl carbamate |NH.COOC Hs 50 » 180 0.986221] — 

Urea Carbamide N HACON fle 132 dee. 1.335 1.484 

Thiourea Thiocarbamide — |NI4CSN Us 180 dee. 1.405 — 

2arbanilide sym-Diphenyl- (CsIT;NIE).CO 288--239/260 (subl.) |1.239 1.588 

urea; 1,8-di- 
phenylurea 

'Thiocarbanilide |sym-Diphenyl- (Ci NH CS 154-155 dec. — — 
thiourea; 1,3- 
diphenylthis- 
urea 

Cyanamide Carbamonitrile — |NH4CN 42  |140:u (doc.)1.083 — |1.4418!* 

Dieyandiamide |Cyanoguanidine |NE.C(: NED)NHCN | [207-200 dec. 1.40" — 

Sulfamic acid Amidosulfonic NIBSOI 205 dee. 2.038" — 
acid (dee.) 

Sulfamide Sulfur irylamide N ΠΡΟ ll. 91.5 |250 (dee.) | — 1.957 


The solubility of the secondary, tertiary, and N-substituted amides is similar to that 
y ; ) 


of the corresponding primary amides. 


and ether. 


All the amides are moderately soluble in alcohol 


Reactions. The primary amides are extremely weak bases, even weaker than 
water, and form only unstable salts with even the strongest acids. 


Amide 


CHACON TT, 
CERCON HCH, 


Base ¢ dissociation constant, K Kp 


3.1 X 1075 at 25°C. 
4.1 X 107 at 40°C. 


The same amides are about equally weak aeids, forming metallie salts only under 


anhydrous con 


ditions. 


Probably the most important reaction of amides is hydrolysis to the parent acid 
and ammonia (or an amine). "This reaction is catalyzed by acids, bases, or enzymes: 


RCONH: + 7.0 -———» RCOONH, ———> RCOOH + NH; 
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The hydrolysis of amides is in general more sluggish than that of the corresponding 
esters. 

The action of nitrous acid with primary amides also gives carboxylic acids; the 
evolution of nitrogen is quantitative: 


RCONH; 4- HONO —> RCOOH + O + Ne 
Powerful dehydrating agents convert amides into nitriles (q.v.): 
RCONH, + SOC ———— RCN 4- 2 TIC] + SO, 


The higher aliphatic amides are especially unstable at elevated temperatures. They 
begin decomposing in the absence of a catalyst at about 150°C. and the decomposition 
rate seems to double for cach increment of about 7° in temperature; at 250°C., in the 
absence of a catalyst, the decomposition is essentially instantaneous, The amides 
decompose quantitatively into the corresponding fatty acid and nitrile. 

The hydrogen attached to nitrogen in primary and secondary amides may be re- 
placed by various groups, such as alkyl groups, although with some diffculty: 


NaN H - . 
RCONIL + R/X ———> ROONHR’ + UX 


The hydrogen may also be replaced by acyl groups, by means of acid anhydrides, acid 
halides, or esters: 


RCONER + R’COCL ——— RCONHCOR’ + HCl 
The higher amides are difficultly reactive with acid halides, and there ig a preponder- 
ance of undesired side reactions. 
Halogen atoms may also replace hydrogen attached to nitrogen: 


RCONE: -- Cl, ———» RCONEICI -- HCl 


N-Bromo and N-chloro amides sre intermediates in the Hofmann degradation of 
primary amides to primary amines by halogen and alkali (see Amines). 

The hydrogenation of amides may yield cither amines or alcohols, but is little 
practiced. 


Characterization. Amides are usually identified by hydrolysis to the acid and 
ammonia or amine. 


NATURAL SOURCES AND SYNTHETIC METHODS OF PREPARATION 
. Many amides are found in nature. Urea is a product of animal metabolism, The 


proteins, polypeptides, and several amides of the amino acids (asparagine and glu- 


tamine) are essential in plant and animal metabolism. Furthermore, certain alkaloids 
(q.v.) belong to the class of amides. 


By far the most used general method of preparing primary amides is the acylation 
of ammonia or an amine; further acylation produces secondary and tertiary amides. 
The most active acylating agents for the purpose are acid chlorides, anhydrides, and 
esters: ᾿ 

RCOCI 4- NH; ——— RCONH» 4- HCI 
RCOCI 4- R/NIE ———— RCONHR' 4- HCl 
(RCO),0 + NH: ———> RCON H: + RCOOH 
RCOOR’ -+ NT; » RCONE, + R'OH 
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When acids themselves are used as acylating agents, the ammonium salt is formed as 
an intermediate and then thermally dehydrated: 
RCOOH -- NH; ———» RCOONT, ———> RCONH: + HO 
RCOOH + R^NIT, -——— RCOONEHSR/ ———— RCONHR’ + Π.Ο 


This method is usually more economical as regards reagents but requires more time. 
It is the most. efficient process for the commercial production of higher aliphatic amides. 
The reaction is usually carried out at 140-150°C. in the presence of 100—150 p.s.i. of 
ammonia. Yields are almost quantitative and essentially no nitrile is formed. 

The one other route of consequence for obtaining amides ts the half hydration of 
nitriles, catalyzed by acids: 


RCN -F IO — RCONH: 
In a few cases the use of hydrogen peroxide in alkaline solution is advantageous: 


ARCN -F 2 HQ: ———5 RCONE» -- O: + HLO 


Bibliography 
(1) Bergstrom, T. W., und Fernclius, W. C., Chem. Revs., 12, 43-170 (1933); 20, 413-81 (1937). 
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AMIDINES 


Amidines are nitrogen bases having the general formula RC(: NH)NEHs. They are 
crystalline solids soluble in aleohol and ether. Amidines are strong monobases, al- 
though in the nitrogon system of compounds (q.v.) they are ammono acids, analogous 
to carboxylic acids in the oxygen system: 


NH NI ο ο 
nog Rog Rog nog 
ΝΗ; OTT NH, OH 
amidine imidie acid acid amide carboxylic acid 


Amidines are generally used in the form of their stable salts with acids. Some 

amidines are hydrolyzed by alkalies to ammonia and an acid amide or acid. 
Amidines undergo various condensations to form compounds containing rings like 
pyrimidine, N:CH.N:CH.CH:CH, and imidazole (glyoxaline), NH.CH:N.CH: CH. 
L. LL 1 | 1 








Awidines may be obtained by ammonolysis of imido esters (imino ethers”): 


NH pui 
nog + NH, ——— Rod + ROH 
OR’ ΝΠ; 
imido ester amidine 


They may also be prepared by heating an acid amide in a stream of hydrogen chloride, 
or by ammoniation of a nitrile by ammonium chloride, liquid ammonia, or sodium 
amide (NaNH,) (1): 
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2RCONH, + HCl 





ANH 
> RCE HCI + RCOOH 
NH: 


NH 
RON + NCO ——> ROC g HCl 


NH 
RCN + NH; ———> ποό 
NH, 

There are also N-substituted amidines having the general formula RC(: NR’)- 
NHR”, which may be prepared by boiling N-substituted amides with an amine in 
phosphorus trichloride solution: 

POL - βΝ ο" NR’ 
RCONHR/4- R'NH, ——— ROC or RCE | 
SNHR’ NHR” 


N-Substituted amidines are also strong bases but are more stable than the unsub- 
stituted amidines. The pharmacological properties of a number of them have been 
investigated; phenacaine hydrochloride is used as a local anesthetic (see Anesthetics), 
and stilbamidine and other diamidines have been used in the treatment ol sleeping 
sickness and other protozoal infections. 














Common name Synonyms Formula B Mp., ος, 
Acotamidine Ethanamidine ΟΠΙΟ(« ΝΗ)ΝΗ: 166-167 (dee.) 
Benzamidine Benzenecarboxamidine CaHsC(: NH)N He 80 
N,N"-Diphenyl- CH;CCNOSEG)NHOH; 131-132 

acetamidine 
Phenaesne —— | N N'.Di.p.phenetylaeet- | CH3C(GNCSHH;OCSE;)NHOSHa- | 190 
4 hydrochloride amidine hydrochloride OCT. HCI 
Sülbamidine ^ | 44^gilbenediearbosami- | HCLHSN(HN:)OC4H,CH:CH- | 300 (approx.) 
dihydrochlo- dine dihydrochloride: C&H,CC NH)NHsHCI 
ride (1) diamidinostilbene di- 
hydrochloride . - - _ 
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AMIDONE, (C;Hs)2C(COC.H;) CH,CI(CHy)N(CHs)2. See Analgesics. 
AMIDOPYRINE, CuHyzN3O. See Analgesics. 


AMIDOXIMES 


Amidoximes are both basic and acidie compounds with the general formüla RC- 
CNOR)NHs; or RO(NHOH):NH. They may be named as amides of hydroxamic 
acids, for example, acetohydroxamamide, CH4C(: NOH)NH;. 
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Methods of Reduction, 674: Tron (Tin, Zine) in Acid or Neutral Solution, 675; Zine 
or Iron in Strong Alkaline Solution, 682; Zine in Weak Alkaline Solution, 684; Sulfides 
in Alkaline Solution, 685; Ferrous Sulfate in Alkaline Solution, 686; ELydrosulfite in 
Alkaline Solution, 686; Hydrogen | in the Presence of a Catalyst, 687. Other Methods, 
690. Equipment, 691. Technical Preparation of Amines, 694, 4 702. 


a Oee 
NaOCH; 
alkaline [e A jes Y 
H202 eduction - ο 
AU ^N 
Fe or Zn 
Cy Td (oa slo. 


ών. 






sn) 
H:O: and glac. distillation 
CILCOOH with Te ΟῚ 
Zn dust 
M o) and 


CHCOOH alkali 
FeCh| | (NH).8 " 
"MC e 
electro- 
reduction 


eme) 


Primary reduction products Secondary reduction products 
Fig. 1. Reduction of nitrobenzene. 






Sn or Zu 
+ acid 


Amines are compounds derived from ammonia by the substitution of one or more 
hydrogen atoms by an alkyl, aryl, or aralkyl group (see Amines). Many reactions can 
be used fo form amines but in general they may be classified under two major processes: 
amination hy ammonolysis (see Ammonolysts) and amination by reduction. In 
amination by reduction, in contrast to ammonolysis, a bond between carbon and 
nitrogen already exists in the molecule. By means of hydrogen or other reducing 
agents, the folowing compounds ean be converted to amines: (1) nitro compounds; 
(2) intermediate reduction products of nitro compounds, such as nitroso, azo, and 
hydrazo compounds; (3) oximes; (4) amides; (4) nitriles (the Mendius reaction). 

Greater emphasis will be placed upon the reduction of aromatic nitro compounds 
than upon any other reaction in the scope of this article. This is because the most im- 
portant industrial application has been the reduction of nitrobenzene to aniline, the 
factors in the reduction of aromatic nitro compounds have been more completely 
studied, and the principles can be applied to a considerable extent to other reactions 
comprised in this unit process. 

The reduction of nitro compounds involves the progressive replacement of oxygen 
in the —NOQ, group by hydrogen. The intermediate products in the reduction of nitro- 
benzene, shown in Figure 1, are obtained by control of the reducing activity of the 
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system. Nétrosobenzcne ean he obtained hy electroreduction of nitrobenzene. N-Phen- 
ylhydroxylamine is obtained by treating an alcoholic solution of nitrobenzene with zinc 
dust and a small quantity of calcium chloride. Azozybenzene is produced by boiling 
nitrobenzene with an aleoholie solution of potassium hydroxide. When nitrobenzene is 
reduced with a solution containing sodium stannite made from stanuous chloride in an 
excess of sodium hydroxide, a partial reduction to the azo stage is obtained. Iun hydro- 
ehlorie acid solution, stannous chloride converts the nitro compound to the amino de- 
rivative. Azobenzene can also be obtained by distilling azoxybenzene in the presence 
of finely divided iron. Hydrazobenzene is formed when nitrobenzene is reduced by zinc 
dust in alkaline solution. The presence of alkali is necessary since in neutral solution 
phenylhydroxylamine is formed, and in acid solution aniline is the reduction product. 
(See Aniline; Azo compounds; Azory compounds; Nitrobenzenes.) 


Methods of Reduction 


Some of the most useful methods for carrying out the reduction of nitro com- 
pounds are by means of the following reagents: 


l. Iron in acid or neutral solutions. (Tin or zinc is occasionally used.) 

2. Zinc or iron in strong alkaline solution. 

3. Zine in weak alkaline solution. 

4. Sulfides in alkaline solution. 

5. Ferrous sulfate in alkaline solution. 

6. Sodium hydrosulfite (hyposulfite) in alkaline solution. 

7. Hydrogen or earbon monoxide in the presence of a catalyst, iu liquid ov vapor 
phase. 


By a proper selection, of the reducing agents and careful regulation of the process, 
the reduction may be stopped at intermediate stages and valuable products obtained. 
The metal-acid reductions are the most vigorous, and only amino compounds are the 
ond products. Whlicn riitrobenzene is treated with zinc and a mineral acid solution, the 
end product is aniline; when an alkaline solution is employed, the end product is 
generally the hydrazobenzene. Very vigorous conditions sometimes give rise to the 
amine, When zine dust and water are employed, the reaction product is phenyl- 


hydroxylamine. The following structural formulas represent the three modifications of 
this reduction process: 


NH, 
oT 
NO: x7 
Ox cc y (ston 
κ. 
> 
N—N 
H H 


When the compound to be treated contains more than one nitro group, the prod- 
ucts of reduction depend on the agents used; thus, m-phenylenediamine is obtained 


by the iron-acid reduction of m-dinitrobenzene, while the alkaline sulfide reduction 
yields m-nitroaniline. ' 
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NH, 
IL 
(Ἢ ὯΝ πη 

~ Ukali ^ 2 

ER ΝΟ» eduction NOx 
NH: 


REDUCTION WITH IRON IN ACID OR NEUTRAL SOLUTION 


Béchamp’s discovery in 1854 that nitro compounds could be reduced in the pres- 
ence of iron and acetic acid aud Perkin’s subsequent application in 1857 of this reaction 
for the commercial preparation of aniline were events of great significance for the de- 
velopment of the dye industry. Technical progress in the application of this reaction 
was first made by substituting hydrochloric acid for the acetic acid originally em- 
ployed. Subsequently, it was discovered that the ferrous salt of the acid functioned 
catalytically, so that the reduction could be effected with less than the theoretical 
quantity of acid. 

Considerable discussion has taken place in explaining the consumption of less acid 
than the quantity theoretically required, when the reduction is represented as taking 
place as follows: 

CGH4NO» 4- 2 Fe -- 6 HOI ——— 5 CUT;NTIs 4- 2 ESO -F- 2 FeCls 
Formula wts. 123 2(55.84) 0(30.45) 
In industrial practice, less than 2% of the amount indicated above is actually used. 
Operating experience lias shown that 3.0 Ib. of hydrochloric acid (10 Ib. of 30% solu- 
tion) is sufficient to bring about » satisfactory reduction of 100 Ib. of nitrobenzene to 
aniline. 

The presence of free acid, which was long considered essential to the reduction 
process, has furthermore been shown to be no longer necessary. In 1894, Wohi re- 
vealed that nitrobenzene could be reduced with iron powder in alcoholic or aqueous 
solutions, in the presence of calcium or magnesium chloride, and stated that the absence 
of free acid is advantageous, In 1914, von Girsewald (10) showed that ferrous chloride 
could be used as the catalytic agent in the reduction process. Moore (9) subse- 
quently demonstrated that sodium chloride could be employed in the reduction οἱ 
nitrosophenols and p-nitroacetanilide to the corresponding amino and amido deriva- 
tives; he found also that sodium chloride was not nearly so active as calcium chloride 
for this purpose. More recently it has been demonstrated that aniline hydrochloride, 
aluminum chloride, sodium bisulfate, or other salts derived from strong acids ean be 
successfully employed. Itis merely essential to use salts that in the presence of metals 
are hydrolyzed in aqueous solution, resulting. in the formation of hydrogen ions. The 
introduction of salts for the technical preparation of amino compounds has been a no- 
table achievement. It has resulted in the elimination of acid pots and hard-rubber and 
lead-lined equipment, which previously were considered essential to commercial redug- 
tion processes. 

Theory of Reaction. An outline of the iron—acid reduction process is presented 
based on information about the oxidation of the iron, the hydrolysis of neutral salis, 
and the dissociation. of amines. The arylamines, in contrast to the alkylamines, dis- 
sociate on solvation only to a slight extent, forming weak bases. 


CoHZ;NH; 4- HOH -———> [OGsH;NH,]OH [CylsN Hs] + + OH 
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Salts of the primary benzenoid amines with mineral acids are quite acidic and they are 
easily hydrolyzed. 

Chemical Mechanism. The representation that follows is admittedly incomplete 
in many of the details, particularly with respect to equations (6) to (9), which concern 
the progressive oxidatiou of the iron: 


(FeCl) + Fo + 2 ELO ——> (FeCl) + Fe(OH): + F, or 2(H) (1) 
RNOz + (FeCh) +3 Fe -+ 4 H;O ———9 RNHs 4- ('oCl) + 3 Fe(OIDs (2) 
RNI: + ILO ——> [RNH,J}OH ——> [RNa] + + OH (3) 

2 [RNHi] * + 2 ON 4- Fe?* + 2 Cl- ——> 2 RNHLCl + Fe(OH), (4) 


limited solubility 
πο 
2 [RNH3] * 4- 2 ΟΙ + Το — 5 2 RNT + FeCl + M or 2(H) (5) 


Equation (1) merely expresses the preliminary action between iron powder and water 
in the presence of an acid or salts derived from strong acids. This activity, as Bergius 
has shown, is accelerated at higher temperatures and pressures. When a nitro com- 
pound is introdueed (eq. 2), the active hydrogen does work in the reduction process. 
Equation (3) represents the formation of the weak hase through solvation. The inter- 
mediate catalytic step is expressed by equation (4). The reactions indicated by equa- 
tions (3) and (4) show that aniline behaves similarly to ammonia. It unites with water 
to form the weakly dissociated base phenylammonium hydroxide, which, ike ammo- 
nium hydroxide, precipitates the hydroxides of the heavy metals from solutions of their 
salts. 

It is interesting to note that the ferrous ion, which is essential to the reduction. 
process, is not present in the products of equation (4). In this connection, it has been 
observed that only a faint test for soluble iron can be obtained by spotting on filter 
paper with sodium sulfide solution directly after feeding considerable nitro compound 
to the reducer. When, however, reduction is complete, qualitative or spot tests show 
very distinctly the presence.of soluble iron. From equations (4) and (5), it may rea- 
sonably be inferred that the quantity of ferrous chloride catalyst should be propor- 
tional to the amount of amine that is dissociated, a slight excess being necessary in 
order to insure an acid reaction. This is a matter of considerable practical importance 
in order that maximum yields and purity of product may be obtained. It has previ- 
ously been shawn that nitrobenzene may yield directly hydrazobenzene, phenylhy- 
droxylamine, or aniline, depending upon the hydrogen-ion concentration of the solu- 
tion. A slight but definite acidity is required for the production of primary amines in 
this type of reduction. 

The reaction shown in equation (5) is the driving force in the reduction process, 
and the end products are in accordance witb those observed under actual operating 
conditions. The primary amine is set free, and the ferrous chloride ìs regenerated for 
further catalytic activity. 

When the reduction of nitrobenzene is carried out in a glass vessel, the early 
formation of a greenish precipitate, characteristic of ferrous hydroxide (eq. 2) is ob- 
served. This turns to a hrowu and finally to a black color, which suggests that the 
formation of the end product, magnetic iron oxide (Ie,0,), is a secondary effect result- 
ing from the reaction of ferrous hydroxide with ferric hydroxide. 

The formation of magnetic iron oxide can reasonably be explained by assuming 
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that the ferrous hydroxide initially formed performs a limited reducto-active role in the 
process and as a result is oxidized by the nitro compound. 


RNO: + 2 Fe(OH). + IfD —— —2 RNO -- 2 F'e(OH)s (6) 
. - . . Πιο 
BRNO. + 2 Fe(OM)2 + 2A, ———> RNHy +- 2 Fe(OH), (7) 


Eliminating the intermediate catalytic reactions and giving cousideration to the 
fact that the initially formed ferrous hydroxide is continuously undergoing oxidation 
and dehydration, equation (2) above may now be rewritten as a condensed picture of 
the reduetion process. 

FeCl 
RNO, + 3 Fe + 4 xO ——“> RNTy + Po(OIDs + FeO 4- Fe(OID; -- 1/Hs or (II) (8) 


Fe(OH), + 2 Εοί ΟΠ), ----------» Te30, + 4 H30 (9) 


Tnasmuch as 2 Fe(OH). serves in place of He (eqs. 6 and 7), apparently only slightly 
over two moles of iron per mole of nitro compound ts needed to give the end products 
shown in equations (8) and (9). 

Mlectronie Mechanism. According to Luder and Zaffanti (6) the use of iron and 
acids to reduce nitrobenzene to aniline can, be explained as follows: Any acid (using 
the word in the Lewis sense) (see Acid-base systems) will increase the concentration of 
hydrogen ious (hydrated, of course) in water solution. The salts and cations that have 
appeared in the equations above are acids in this gencral sense, and in the presence of 
iron and water a plentiful supply of both electrons and protons is available. 

According to the electronic theory, the nitro group is electrophilic and accepts 
eleetrons from the iron. 'The usual method of writing the formula of nitrobenzene 
fails to indicate the clectrophilic nature of the nitrogen atom: 


RN—O R:IN::O: 
Or UU 
Ü: 


The nitrogen atom in this arrangement is bound to be electrophilic because of the pull 
on its electrons by the phenyl group and the two oxygen atoms. If this is indicated by 
the following device, we can picture the reduetion of nitrobenzene to aniline a little 
more clearly: ' 


P ae 
Νεστος R:N:O: 
τω: ? Her 


The second formula emphasizes the cleetrophilie nature of the nitrogen atom by show- 
ing only six electrons. In the presence of iron and H+ we picture the first step in the 
reduction as an almost simultaneous addition of two electrons (from the iron shown as 
°°) and two protons to the nitro group: 





RN:O: + Woes + 2 H+ ———— R:N:O:— —— R:N::O0: 4+ Fe? *4- INO 
τον τος 


According to this picture the evolution of hydrogen during the reduction is merely the 
result of a side reaction between the iron and hydrogen ions. The older chemical inter- 
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pretation, which was discussed above, assumes the hydrogen formed in contact with 
metals is responsible for the reduction. But breaking down a hydrogen molecule re- 
quires a large amount of encrgy. According to the electron theory such a roundabout, 
hypothesis is unnecessary, since electrons and protons are readily available from the 
iron and the acid solution. 

'The second step is the formation of phenylhydroxylamine by the same process as 
assumed in the first step: 

o] L. 
R:N:O: -F Fes 4- 2 T+ — IU N:O:H J- Fet 
H 


The third step is essentially the same but is shown in two parts to aid in picturing 
the details: 


wet 
R:N:O:H -2H* — [es + HÖH 
H' H 


UN: + σο . 

ΒΝ oq 20, NIH + ret 
II n 
H 

Discussion of Mechanisms. Depending upon the mechanism that is accepted, the 

reduction of 1 mole of nitrobenzene requires either 6 protons or 3 moles of hydrogen. 


RNO: + 3 I; ——— RNEIL +- 2 0 


The reduction of 1 1b. of nitrobenzene would require 6 + 123 = 0.049 Ib. of hydrogen. 
Using 0.0053 lb. per cu.ft. (188.8 cu.ft. per lb.) as a factor, we have 0.049 + 0.0053 = 
9.95 cu.ft. of hydrogen as a requirement. 

In practice, hydrogen is evolved and its presence creates a problem in reconciling 
the electronic and chemical interpretations of the reduction process. Hydrogen is 
liberated regularly during the reaction and, in efficient operations, amounts to slightly 
more than 0.1 cu.ft. per 1b. of nitrobenzene reduced. To what extent this hydrogen is 
generated by the action of water on finely ground cast iron in the presence of iron salts 
(eq. 1) or according to equations (5) or (8) is not known. According to the proponents 
of the electron theory, such a small amount (about 1% of total requirements) can be 
attributed to the difficulty in maintaining a practically homogencous reaction mass. 

_ Thus, the liberated hydrogen may be due to reaction (1) above, because the total iron 
surface is not in contact with molecules of nitrobenzene. Itis rather remarkable, how- 
ever, that such a high efficiency in proton or hydrogen utilization is obtained in the 
iron-acid reduction. 

Chemical Factors in Iron—Acid Reduction.  Nitrobenzene-Iron. Ratio. In works 
practice, it is customary to use slightly over 2 moles of iron per mole of nitro compound 
to carry out the reduction process. Under such circumstances not all of the iron is con- 
verted to the ferrosoferric oxide, some reducto-active ferrous hydroxide also being 
present. Undue economy in the use of iron is a faulty practice, as it may lead to side 
reactions with consequent lowering of the yield. The use of too littie iron also results 
in a very poorly filtering iron oxide sludge. 
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When insufficient iron is present, the addition of heat or acid is not effective in 
varrying the reduction to completion. The introduction of some finely divided iron 
under such circumstances brings about a vigorous reaction that results in the complete 
reduction of the nitro compound. Some operators prefer to use very finely divided iron 
to finish a reduction, and this practice is particularly advisable when the bulk of tlie 
iron turnings is not of a good quality.. 

Other important physicochemical factors that merit consideration here are the 

‘following: (4) size and physical condition of the iron particles; (2) homogeneity of the 
reaction mass; (3) concentration of the catalyst; (4) reaction temperature; (8) heat 
of reaction; (6) addition of solvents. 

Physical Condition of Iron. From a study of the equations outlining the reduction 
process, it is obvious that the iron fed into the reducer not only supplies the metal 
adsorption surface but enters into the reactions by providing theiron for the regenera- 
tion of the ferrous chloride upon the hydrolysis of the phenylammonium chloride 
(aniline hydrochloride) and also acts as an oxygen carrier. An analysis of the residual 
sludge reveals that the bulk of the iron is converted to iron oxides, the degree of 
oxidation depending on the quantity of iron employed. Experiments have shown that 
a clean, finely divided, soft, gray cast iron yields the best results. The rate of reduc- 
tion depends in part on the fineness and porosity of the iron particles, the homogeneity 
of the charge in the reducer, and the degree of etching imparted to the iron by the pre- 
liminary acid treatment. To insure a thoroughly etched iron, it is customary to boil 
the iron-acid suspension before adding any nitro compound. When this precaution is 
observed, the reaction proceeds very readily, with no danger of a violent deferred reac- 
tion. 

Size of Particles. When coarse particles are used, the oxidation of the iron is re- 
tarded and an excess of it must be provided, Furthermore, an accumulation of par- 
tially oxidized iron, as ferrous and [ferric hydroxide, often throws such a load on the 
stirring mechanism as to bring it toa stop. Since the reaction velocity for nitro com- 
pound reduction is a function of the rate of iron oxidation, it is clear that the use of 
finely divided iron shortens tlic time of reaction. 

Effect of Agitation, Since the reduction process under consideration is a catalytic 
reaction, it is clear that the best results are obtainable only when the nitro compound, 
iron, and water-soluble catalyst arc in intimate contact. A stirrer that merely pushes 
the iron around the bottom of the vessel and permits the charge to separate out into 
layers does not function efficiently. It is apparent, therefore, that à sturdy sleeve-and- 
propeller or double-impeller type of stirrer will in some vases be superior to the slow- 
moving plow type, where agitation is provided largely by the rising molecular hydro- 
gen, Furthermore, most aromatic nitro compounds (not containing acidic groups) are 
practically insoluble in faintly acid solution, and thorough mixing is consequently a 
factor of major importance. When the rate of reduction is limited by the quality of 
the iron used, an increased agitation will not, of course, show a corresponding improve- 
montin operations. Itis, of course, clear that arate of agitation beyond that necessary 
throws an extra burden on the driving mechanism. 

Effect of Concentration of Catalyst, Theoretical considerations involving the 
progressive oxidation of the iron indicate the desirability of using 4—5 moles of water 
per mole of nitro compound treated. This approximation is based on the assumption 
that the iron employed is converted first to ferrous and then to ferric hydroxide as 
intermediate products during its oxidation to the oxide, thus: 


680 AMINATION BY REDUCTION 


2 RNO, -- 4 Fe 4- 8 HO ———3À 2 RNH; 4- 4 Fe(OLDs 


2 RNO, 4- 6 Fo 4- 11 H0 ———9 2 RNEL 4- 5 Fe(OI); -- 11/5 Hs 


Owing to the fact that part of the iron hydroxides formed loses water to form the 
terrosoferric oxide during the course of the reaction, it is entirely possible that the re- 
duction may be made with less than 4 moles of water, provided, however, that a uni- 
form reaction mass can be maintained by effective agitation. Practical problems relat- 
ing to (/) the agitation of the reaction mass, (2) the promotion of a smooth active reac- 
tion, and (3) the conservation of the beat of reduction, frequently make tt advisable to 
employ a slight excess over this proportionality. Where the nitro compound contains a 
solubilizing group, such as sulfonic or carboxylic residue, and the resulting amine is 
filtered from the alkalinized iron oxide sludgo, much more water is generally used (50— 
100 moles). 'Phe solubilities of the nitro and amino compounds determine the amount. 
of water used in the reduction. Unnecessary dilution, however, not only places unde- 
sirable restrictions on the productivity of each reducer but also reduces the concentra- 
sion of the catalyst so that it is less effective. 

Reaction Temperature. It has been found that the use of a high catalyst eoneen- 
tration 8% or more compared to nitrobenzene taken) during reduction results in a 
finely divided tron sludge which, although it is generally a poorly filtering sludge, is of 
probable commercial value (for removing sulfur compounds from illuminating gas). 
This result: can be obtained by limiting the quantity of water introduced into the 
jacketed reducer and utilizing the heat of reaction to carry on the reaction, An 
obvious advantage arising from operating with such concentrated solutions is the fact 
that the charge is easily maintained at the boiling temperature. The vigorous reflux 
that characterizes such a reduction insures against the formation of intermediate prod- 
ucts of reaction. The reaction is not only rapid but is economical on account of the 
lower consumption of steam. 

Heat of Reaction. A study of the thermal factors relating to the reduction of 
nitrobenzene shows that the reaction is distinctly exothermic. It is necessary, there- 
fore, to remove the surplus heat generated while maintaining the reduction at the 
optimum reaction temperature. When nonvolatile materials are treated, as in the con- 
version of p-nitroaniline to p-phenylenediamine, Aumes of suitable diameter and height 
are sufficient. When volatile nitro compounds are used, an efficient tubulous condenser 
(vapors pass on oulside of water-cooled pipes) gives eminently satisfactory results, 

The data below show the heat in B.t.u. generated during the “feed” and reduction 
of a 1200-lb. charge of nitrobenzene. 











Operation Heat goneruted, B.tcu. 

D cence tebe ete eet e ene enn ρέων eese. τα 805,000 

Τσ Πορ νωννν ων ων ων ων ων ερ κ ον ον ον ο νν σον ενώ ών ρω ων ερ εν εν κο ως 488,000 
Τοία] ιοαἱ Προιαξοί....νενενννννννννννννννννννν εν έν κ νων 2,293,000 
Heat. of conversion per pound nitrobenzene...........0,0.000. 1,911 





Addition of Solvents, Where a very insoluble and difficultly reducible nitro com- 
pound is to be reduced, the addition of a solvent miscible with water, such as ethyl 
alcohol, methanol, or pyridine, is quite often of considerable help. This makes for a 
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smoother and more rapid reduction. In carrying out the reduction, the alkalinized 
iron oxide sludge is filtered off hot and washed with hot solvent. The resulting 
amine is theu isolated from the filtrate. This method is used where reduction in water 
alone is extremely slow or where the final amine can only be isolated by solvent extrac- 
tion. 

Ferrous Sulfate as Catalyst. The acids generally used in the reduction process are 
hydrochloric and sulfuric. It should be borne in ivind that lydrochlorie acid some- 
times causes the formation of small amounts of chlorinated amines whereas sulfuric 
acid may rearrange the intermediate arylhydroxylamines to hydroxyaryl amines and 
cause the formation of darker amines in lower yields, particularly in the case of solid 
amines. Where the danger of hydrolysis or contamination by such produets exists, 
acetic or formic acids are employed instead, The disadvantages in the use of sulfuric 
acid appear to be minimized when the sulfurie acid is introduced as sodium acid sulfate 
(niter cake). When used alone or preferably in conjunction with a calculated quantity 
of sodium chloride, a very economical and satisfactory promoter is obtained. For 
example, 2.4 1b. of sodium chloride with 6 1b. of niter cake per 100 1b. of nitro compound 
gives satisfactory results. "The niter eake is first ground, and is added, along with the 
sodium chloride, to the water and finely divided iron in the reducer. 

Recovery of the Catalyst. In the technical preparation of amines by catalytic 
reduction with iron and a soluble salt, it isnot customary to recover and utilize the dis- 
solved catalyst. This step is not always feasible, particularly when the amino com- 
pound is also soluble in aqueous solutions. In many instances, however, such a step 
could he made part of the chemieal engineering operations employed in separating the 
amine from the aqueous suspension of iron compounds. Utilization of the aqueous 
portion iu subsequent reduetious appears to be an excellent method of introducing the 
catalyst in an active form, In this connection, it is known that the inipure mother 
liquors from the aniline hydrochloride crystallizing pans ean be used advantageously. 


REDUCTION WITH TIN AND HYDROCHLORIC ACID 


Owing to the comparatively high cost of tin, this method of effecting reductions 
ean hardly be considered of commercial importance. In place of tin and hydrochloric 
acid, x solution of stannous chloride in hydrochlorie acid can be employed; but there 
is little advantage, in general, in this procedure, as double the amount of tin must be 
used to effect the reduction, 

There ure, however, ogcasioual uses for stannous chloride reductions on account, 
of the mildness of the reaction, It ean be employed in the reduction of 4,4’-dinitrodi- 
phenylamine, which accompanies p-nitroaniline ag an impurity when the latter is pre- 
paved by the ammonolysis of p-nitrochlorabenzene, Stauuous chloride is also em- 
ployed when it is desired to reduce one nitro group of two originally present. In alco- 
holic solution, this reduction proeceds very smoothly, yielding excellent products. 

Stannous chloride in hydrocllorie acid. ean also he employed. for the reduction of 
the nitroparaffins. Ordinarily, however, this proceedure results in the formation of the 
related hydroxylamine in addition te the primary alkylmninc: 


2 Hey RN Ih ` 
RGILN O: —————> RCHN HOH —-—— RHLN M 


When, however, a large excess of stannous ehloride and fuming hydrochloric acid 
is used, primary and secondary nitro compounds are reduced to the corresponding 
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oximes. Thus, by adding an aqueous solution of the alkali sult of the isonitro com- 
pound to about 2.5 times the theoretical quantity of stannous chloride and hydrochloric 
acid, as required by the equations below, the oxime is formed: 


ΒΙΟΙ, Iro 
——> 


Ό 
nCH:NÓ RCH:NOH 


OK 





H 
; ROC. 4- NELOH 
C 


YONG S, Nono go, PN o=o 4 NILOH 
x OK R RH 

If the charge is neutralized and live stean introduced, the oxime will he distilled over. 
By passing steam into the acid charge, however, hydrolysis occurs with the formation 
of a ketone or aldehyde and hydroxylamine. The carbonyl compound will distill over 
while the hydroxylamine hydrochloride remains in solution. 


REDUCTION WITH ZINC IN ACID SOLUTION 
A method which, although fairly expensive, is often very useful in reducing cer- 


tain insoluble and difficultly reducible nitro compounds, is that involving zine dust and 
acid. The reaction may be represented as follows: 


RNO: + 3 n + 6H * ———9 KNIE 4-3 Zn?* 4- 2150 


Usually sulfurie or hydrochlorie aeid is used but, whore a milder acid is required, 
acetic acid may be substituted. Generally 3.5 to 7.5 moles of zinc dust is used per mole 
of nitro compound and excess acid of about 10-50% concentration. 

Normally the nitro compound is slurried in acid, and zinc dust is added gradually 
nt the optinmm temperature, usually somewhere between 50° and 100°C. A varia- 
tion of this method is to slurry the nitro compound in water together with zine dust 
and to add strong acid slowly. 

This process is technically most feasible for the preparation of those amines that 
are insoluble at a pH lower than 7.0, so that the amine may be separated from dissolved 
zine salts without resorting to a very elaborate isolation sclieme. 


REDUCTION WITH ZINC OR IRON IN STRONG ALKALINE SOLUTION 


When nitrobenzene or its homologs are treated in alkaline solution in the presence 
of finely divided zinc or iron, they ean be reduced step by step to the hydrazo stage. 
Such hydrazo compounds—hydrazobenzene, hydrazotoluene, hydrazoanisole—may be 
converted readily to benzidine, tolidine, and dianisidine by intramolecular rearrange- 
ment in cold concentrated hydrochloric acid. 

The several steps in the reduction of nitrobenzene are represented by the following 
formulas: 


CHNO: ANo Ce HN CHN IT CENTIES 
COH; NO» Cytl,N . ἽΝ. CM; NTI CHN He 
Nitrobenzene Azoxybenzene Azobeuzene Hydrazobenzeue Aniline 


iithyl alcohol and methanol are usually employed in the zinc-alkali reduction, in order 
to moderate the reducing activity of the system, which tends toward the production of 
some aniline in the final stages. The use of zinc in alcoholic caustic soda, whieh was the 
first procedure for the technical preparation of hydrazobenzeno, has to a considerable 
extent been repluced by iron in alkaline solution. Although the materials involved in 
the former process are more costly, the method is still employed because of the com- 
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parative simplicity of the operation, However, numerous modificatious have been 
made so that the residual zinc, alkali, aid aleohol are recovered. 

When zine is employed, some of it is dissolved in the alkaline solution with the 
evolution of hydrogen, the zine hydroxide (or hydrous zine oxide) first formed dissoly- 
ing in the excess of alkali: 


Zu 4- 2H! 4-20H . ——— Za?* + 2OH> 5- Hà 1 ————5 Zut OH) 


ZA OTD: -+ 2 NaOH. ———— Nn ZnOs 4- 2 IO 


Zine hydroxide is weakly basic and gives salis with acids, but with respect to strong 
bases it is weakly acidic. Zine hydroxide is therefore very soluble in an exeess of alkali, 
with evolution of hydrogen. Freshly precipitated zine hydroxide requires nearly seven 
molecular proportions of caustic soda iu conceutrated solution to dissolve it completely, 
and the solution thus formed is not permanent, a less soluble, probably more highly 
condensed, form of hydrous zine oxide being gradually precipitated from it. Only a 
very small amount of sodium zincate is ever present in solution, the greater part of the 
dissolved hydroxide probably being present in the eolloidal state. The equilibrium 
may be expressed by the following equation, zinc hydroxide being represented as : 
weak acid, TL»ZnOs: 





Lm., -- 2 NaOH NasZnOs, 4-2 1.0 





The reduction of the nitvo compound to the hydrazo stage may be represented by 

the following equation: 
10 NaOH 4- 8 Zn + 2 RNO, ————. RN.NH -F 8 NaZuOs -- 1 Πο 
HH 

In technical operations, an excess of 15-50% of zine Chased on the preceding egua- 
tion) is used. The quantity of alkali employed is, however, only about 2-395 of the 
theoretical. Here, as in the case of acid reductions, there is a hydrolysis of the inter- 
mediate soluble eatalytie agent that the presence of metals encourages. In this proc- 
ess, the sodium zineate is hydrolyzed with the regeneration of sodium hydroxide, and 
precipitation ol an insoluble hydrous zine oxide: 


Zn 
NajZuOs -F- (x 4- 1) 150 z——— ZnOCGT4O), + 2 NaOIL 


In the preseuee of gine, the regenerated sodium hydroxide carries on the preceding 
cycle of reactions. 

In spite of the fact that the atomic weight of iron is less than that of zine and that 
iron furthermore ean be oxidized to ferric oxide, the excess of ordinary iron that must: 
be actually employed in this reduction (when it replaces zinc) is very much greater, 
This circumstance is attributed to the lower activily of iron. It is necessary, therefore, 
to facilitate the catalytic anc hydrolytic reactions by employing a fine quality of iron, 
which gives a maximum surface and is free from oil. In works practice, it is ex 
pedient to etch the iron before wing, by treating it with a strong alkali solution, where- 
upon the metal assumes the appearance of damp sand. Dreyfus (18) has found that, 
the ratio of both iron aud alkali with respect to nitrobenzene can be substantially low- 
ored by using iron that has been prepared by the reduction of the oxides. Such iron is 
obtained in a very finely divided condition and lias an extended aetive gurfaee with re- 
spect to its mass. Compared with alkali-etehed iron turnings, only ahout 65-75% of 
the quantity need be used; the molar ratio of nitrobenzene to iron and. alkali, respec- 
tively, here being approximately 2:4:8. This indicates that the oxidation of the iron 
can be closely represented as: 
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4 Te -- 10 HO ———9 2 Fe(OID» -- 2 Fe(OH)s + 5 He 


The iron—alkali reduction, like the zine-alkali process, is subject to numerous 
modifications. The following example (13) illustrates the procedure in carrying out 
such reductions. 


Progressive Reduction of Nitrobenzene to Hydrazobenzene. 100 ky. of nitrobenzene und 50 
kg. of fine iron borings ave stirred together and warmed to about 99°C, 80 ke. of 55°Bs. (60%) 
swustic soda solution is then added gradually, and the temperature maintained at 100 120°C. by run- 
ning steam or cooling water through the jacket. of the reducer vessel. The course of tle reaction may 
be observed by the chauge of color and the disappearance of the odor of nitrobenzene. A more exact 
indication may he obtained by determining the setting point on» sample of the charge (Mig. 2), since 
this changes with each phase of the reaction, As the reduction proceeds, the setting point drops from 
about 5 (corresponding to nitrobenzene) to 2 minimum of —13°C., at which time about 40% of the 
nitro compound is converted to azoxy- 
benzene, The setting point then 
1205-9 ee ee eee ee ee eb fe ff et — grüdually rises £o 31? C., ut which tine 
| compone DRE nem lon the odor of nitrohenzene has disup- 

pont | CP. compound peared and the azoxy compound ean be 
100 |-| 1 Nitrobenzene MS 54. ed =e - discharged. 
ὃν rog benzene Ae oC p E i Azobenzene ean be obtained upon 
4 Hydrazobenzene | 125°C. 1310°C. further reduelion of the azoxy com- 
ao| -— TOUT WEG. pound by adding a paste consisting of 
16 parts iron amd 40 parts of 60% 
enustie soda and heating at 110-120°C, 
The setting point of the reduction 
mass frst sinks to n minimum of 25°C, 
and then rises to about 63°C. The 
apparatus may then be stopped and the 
azobenzene discharged. 

In order to proceed to the next 
stage of reduction, that is, to Aydrazo- 
benzene, itis necessary again to add 16 
ke. of iron and 40 kg. of 604% 
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a 
o 











SETTING POINT OF REACTION MASS, °C. 





A, B, C maximum . ; "m . 
ol - - —— -—-| depression points |- mustie soda solution. The setting 


between stages point of the mass sinks to à minimum 


of 55°C, and then rises to 122-125?C. 

In order to prevent the reduction mass 

from solidifying, it is necessary either 

Fig. 2. Setiling points in alkali-iron reduction of nifro- to raise the temperature to 180°C. or 

benzene. add some solvent, as benzene, to the 

reaction mixture. The introduction of 

benzene in sufficient quantities also affords a convenient means of separating and decanting the hy- 
‘drazobenzene from the iron-alkali residues. 

It is difficult to remove the hydrazobenzene from the iron sludge at this point, and a number of 
modifications of this process have consequently been advocated. A practical suggestion involves the 
removal of azobenzene and reducing this compound by zine in aleoholic alkaline solution at 60°C. 
The reduction mass is filtered, and the zine residues are boiled up with fresh aleohol. The filtrate 
separates into two layers, of which the lower contains aqueaus sodium zineute, whüe the upper is au 
aleoholie solution of hvdrazobenzene, "The aleoholie layer is separated aud suturuüted with carbon 
dioxide to precipitate the alkali. After filtering, the aleoholie solution is evaporated to obtain the 
hydrazobenzene, for which practically quantitative yields have been claimed. 




















STAGE OF REDUCTION 


REDUCTION WITH ZINC IN WEAK ALKALINE SOLUTION 


In the preceding pages, it was shown that the mechanism of reduction with zine 
ad strongly alkaline solutions led to the formation of azoxybenzene as the first step 
in the reduction of nitrabeuzene. When faintly alkaline systems are employed, the 
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principal initial produet of reduction is N-phenyllydroxylamine. The systems zine— 
calcium chloride and gine-ammoniun chloride are not, neutral but, quite alkaline to 
phenoelphthalein. Jamploying the hydrogen electrode and indicators, it was found that 
in the preparation of N-phenylhydroxylamine From nitrobenzene by means of zine dust 
and aqueous ealeium ehloride, the reduction liquid has a pH between 10.5 and 11.7, 
which corresponds to the alkalinity of 0.01 N alkali. When ammonium chloride was 
substituted for ealeium chloride in the reducing system, the pH was between 8 and 9. 
Brand and Modersohn, (2) advanced the following scheme in the reduction of uitro- 
benzene to N-phenylhydroxylamine: 


CoHNOg + 2 + -2 OHT + m — CILNO -- O 4r Zn** -- 2 0O (1) 


H 
CINO 4- 2105 4-2 OH7 4 Zu ———3 CHINE Qo bete 20Η” (2) 
OF 


H 
CillsNOs -- 4 HE 4-4 OH 4-2 Zu ——— GEH i + 2%m2* + LOU + ILO (1 +2) 
SOF 


2 Zu*t -E 4E OIÉ. L——— 2Znu(0ID. 


Zine and ammonium chloride can also be used advantageously for the reduction of 
nitroparaffins to allkylhydroxylamines: 
Zn -b NILU . 
CILNO:: ———————2. CHaiNHORH 
Brand and Mahr (1) showed that the formation of azoxybenzene m the reduction 
of nitrobenzene is brought about by the condensation of nitrosobengene and phenyl- 
hydroxylamine, which are intermediate producis of the reduction. 


ο 


H 
ΝΟ DN Αν. deen. 
| + HO ———3 H4 + | } [ 
v 7 


Ἂς N 
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REDUCTION WITH SULFIDES IN ALKALINE SOLUTION 


The general method of sulfide reductions, although nore expensive than. the iron— 
acid reduction, has a very wide field of application, particularly with respect to partial 
reductions and reductions in the anthraquinone series. Sulfides, polysulfides, and 
hycrosulfides (the “sulfhydrate” of commerce) are employed. Quite a number of 
benzene derivatives are normally reduced by this general method and it is noteworthy 
that the first reduction of nitrobenzene was that by Zinin in 1842 using ammonium 
hydrosulfide. Where the presence of Pree alkali is harmful, sodium sulfide is not used 
without the addition of magnesium salts, which remove the sodium hydroxide as it is 
formed by precipitation of magnesium hydroxide. The addition of a solvent such as 
ethyl aleohol is frequently very helpful in promoting a smooth reduction in good yield. 

Alkaline reduetions are milder than the iron-acid reductions, and for this reason 
modifications of this process fiud extensive use in technical operations. By utilizing 
alkali metal or other metal sulfides, it is possible to control better the rate and degree of 
reduction. Although ammonium sulfide is sometimes used, sodium sulfide or sodium 
disulfide are most frequently employed. The sulfides of iron and manganese have also 
been found of value in reduction processes but thus far have not found widespread in- 
dustrial applications. 

The more important uses of alkali metal or other metal sulfides are: (1) prepara- 
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tion of nitroamines from dinitre compounds; (2) reduction of nitrophenols; (8) reduc- 
tion of aromatic nilro compounds containing a halogen substituent; (4) preparation of 
aminoazo compounds from the corresponding nitro derivatives. Tor brief deseriptions 
of procedures illustrating these types of alkaline reductions see the technical section of 
this chapter. 


REDUCTION WITH FERROUS SULFATE TN ALKALINE SOLUTION 


Although ferrous sulfate in alkaline solutions acts as a strong reducing agent, the 
system has only a limited ugefulness in the commercial reduction of nitro compounds. 
The amount of ferrous sulfate used is slightly im excess of that required by theory, 
which is 6 moles of ferrous sulfate to 1 mole of the nitro compound. 


RN} + 6 FeSO, + ILO ———3 RN H: -+ 2 Το (ο)! -+ Tex; 


m-Nitrobenzaldehyde enn be converted to the amino compound utilizing this pro- 
cedure, by putting it into solution as a bisulfite compound with double its weight of a 
80% solution of sodium bisulfite. This solution is slowly delivered to a vat containing 
the required quantity of ferrous sulfate in 3 parts of water, to which one-third of 
its weight of calcium carbonate has been added. The mixture is boiled with stirring. 
Carbon dioxide is given off with effervescence, and the reduction takes place rapidly. 
The amino compound can be extracted from the solution after first acidifying with 
hydrochloric acid to expel the sulfur dioxide. 


REDUCTION WITH SODIUM HYDROSULEPITE (HYPOSULFP ΠΙΟ 
IN ALKALINE SOLUTION 


Sodium hydrosulfite, Na43s0,, in alkaline solutions has come to play an iniportant 
part in the reduction of anthraquinone and incligoid derivatives to the leuco com- 
pounds. Although it is an active reducing agent, it finds only a limited use iu the re- 
duction of nitro compounds because of the comparatively greater cost attached to its 
use, 

Sodium hydrosulfite can be used as the white crystalline product of commerce, or 
it can be prepared in the course of the reaction by adding zine dust to a solution of 
sodium bisulfite. The latter procedure has been employed for the reduction of indigo 
and for the preparation of o-aminophenol from the corresponding nitro derivative. 
The reaction involved is as follows: 


2 NaHSQ, -- SQ, -+ Zn ———> NasheOy -- ZuS0, -- Πιο 


The required sulfur dioxide is obtained by the introduction of a mineral acid to the 
reaction mixture during recuetion. Indigo, CigHipN2O,, which is insoluble, is redueed 
by the hydrosulfite to the leuco compound, Cis Hi N50s, whieh goes into solution : 


NaS.O, -- 2 4,0 ———+ 2 NaHSO; + 2(H) 
CacEfiNsOs + 2 (D ———À Οτο Ν 20, 


Sidgwick and Callow (7), in studying the solubility of o-aminophenol, prepared 
their amino compound by mixing o-nitrophenol with 4.5 molecular proportions of 
sodium bisulfite, NeHSOs, as a 25% solution. The charge is warmed, and zine dust is 
added at such a rate that the liquid keeps boiling. Completion of the reaction is indi- 
cated by the disappearance of the yellow eolor when spotting on filter paper. The 
o-aminophenol is obtained by filtering the hot solution and permitting the filtrate to 
cool, whereupon the amino compound crystallizes out. 
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REDUCTION WITH HYDROGEN IN THE PRESENCE OF A CATALYST 


Developments in the synthesis of ammonia and the catalytic hydrogenation of 
vegetable and mineral oils have resulted in similar advances in the field of aromatic 
chemistry. These activities are, of course, a natural outgrowth of the progress in the 
field of catalysis as well as in the art of producing and using gaseous hydrogen. 

In tho reduction of nitro compounds, it is not essential to use pure hydrogen, since 
a mixture of it with reducto-active gases, such as carbon monoxide, or inert gnses, has 
heen found to serve most economically for this purpose, 

Some of the principal technical methods for the production of hydrogen are the 
following: 

(/) Passing stenm over incandescent carbonaceous material. 


C -b ERO ——+> CO ++ Hs (water gas) 
(9) Passing carbon monoxide and steam over a (Cu-Zn-Cr) catalyst. 
CO + H.O ———> Eb + CO, 


(8) Passing methane (natural gas) and steam under pressure over a niekel-mag- 
nesia catalyst. 
CH, -F If,0 ——-> CO + 3 i 


(4) Electrolysis of water. 





2 HAO) > 2H -- Οι 


(6) Passing steam over iron. 

ΑΠΟ + 3 Fe ———— 4I, -- Fo,0,, 
(see Hydrogen). 

The reduction of nitro compounds with hydrogen or hydrogen-containing gases 
can be carried out in either the liquid or the vapor phase. 

Liquid-Phase Reduction. 

Hydrogen in the Presence of Iron, According to this method, nitrobenzene and 
water are charged into an autoclave containing some finely divided iron. The vessel 
is closed, and 80 atin. of carbon dioxide and 60 atm. of hydrogen are delivered 
under pressure. The total pressure at the start is consequently about 90 ain. 
(1800 p.s.i.). The temperature is then raised to 300-350°C., when a rapid absorption. 
of hydrogen takes place, as a result of which the pressure drops from the maximum 
to 130 atm. When the manometer indicates that no further absorption of hydrogen 
is taking place, the reduction is considered complete. The aniline ean be distilled out 
of the autoclave by the heat stored in the charge. 

Milder temperature conditions can be used in liquid-phase reductions with 
hydrogen in the presence of iron if a spongy iron containing natural or added sulfur is 
used (11). By way of example, 300 parts of nitrobenzene is stirred with 100 parts of 
Swedish spongy iron for 6 hours in an iron autoclave at a temperature of 180°C, and 
under a pressure of 140 atm. of hydrogen. Approximately 220 parts (97.0% of the 
theoretical) of aniline is thus obtained. Small quantities of sulfur or ammonium sul- 
fide may be added to the reaction system to accelerate the reduction. 

Hydrogen in| Alkaline Solution. It is not necessary to employ the calculated 
quantity of sulfide when an alkaline reduction is carried out under pressure in the 
presence of hydrogen. It has been found that by means of readily soluble sulfides the 
reaction can. be carried out under hydrogen or water-gas pressure and at an elevated 
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temperature using only one-twentieth to one-sixtieth of the quantity of sulfide required 
in the absence of reducing gases. Under such circumstances, the small sulfide concen- 
tration is sufficient to effect complete reduction of the nitro compound, inasmuch as the 
polysulfide or thiosulfate formed is continuously reduced again to the sulfide by the 
action of the hydrogen. Te sulfide solution is therefore able to convert any desired 
quantity of the nitto compound to the amino derivative. 

Solutions of polysulfides and thiosulfates may also be used. Tt has been found 
that in this reaction the whole of the thiosulfate is not continuously reduced to sulfide 
by hydrogen, a small portion being converted to sulfate. Under the conditions used 
in this operation, namely, 150°C., uudcr a pressure of 100 atm. of hydrogen, the sulfate 
cannot be reduced by hydrogen, The regencrated sulfide is, however, the active cata- 
lytic agent. 

The quantity of sulfide or polysulfide introduced with the nitro compound into the 
process may be so chosen that the sulfur is practically all present as sulfate at the com- 
pletion of the reduction process. "Phe possibilities of this method of obtaining amines 
may be seen from the following examples: 


m-Phenylencdiamine from m-Dinitrobenzene. m-Dinitrabenzene can he campletely reduced. to 
m-phenylenediamine in 6 hours by treating it with an equal weight. of à solution of ammoninm poly- 
sulfide containing 14% of ammonia, 6% of sulfide sulfur, and one-tenth of its weight of iron powder. 
The reduction takes place in the presence of water gas at 180°C. under a pressure of 200 atm. A good 
yield of m-phenylencdiamine is obtained that can be separated as a solution of ils hydrochloride, the 
precipitated sulfur remaining behind. 

p-Phenylenediamine from p-Nilrouniline. 300 parts of p-nitroaniling is stirred with 100 parts of 
20°, ammonia, 10 parts of sulfur, aud 10 parts of reduced iron for 5 hours at 180°C, under a pressure of 
120 atm. of hydrogen. The hydrogen consumed is replaced by degrees to maintain the pressure. 
The product is p-phenylenediamine, with traces of unconverted p-nitroaniline. 


The hydrogen and carbon monoxide for the preceding examples of liquid-phase 
reductions require no preliminary purification and may be mixed with inert gases. 
The pressure employed should prelorably be over 100 atm. The reduction, that is, 
absorption of hydrogen, begins at approximately 100°C. aud may be substantially 
accelerated by further raising the temperature and by the addition of catalysts. 

Suitable catalysts for this purpose inchide substances that present a large super- 
ficial arca, such as silica gel and alumina gel, also all of the heavy metals and. their 
oxides, hydroxides, sulfides, and carbonates. 

Hydrogen in Sulfuric Acid Solutions. 


Aniline and. p-Aminophenol from. Nitrobenzene (14). A catalyst is prepared by treating a solu- 
tion of 24 parts chromium trioxide, CrOs (commercial, fused), and 40 parts ammonium molybdate 
in 1.0 liter of water with hydrogen sulfide to effect the reduction of chrominm trioxide to chromic 
oxide, CrO;. The flow of hydrogen sulfide is then continued until the action with the molybdenum 
salt is complete. Dilute sulfuric acid is added to precipitate the sulfide until a filtered sample of 
the mother liquor is found to be colorless, thus showing the absence of thiomolybdate ions. The 
whole slurry is filtered, washed, and dried by refluxing with benzene. Tu this manner it is possible to 
dry the catalyst at approximately 88°C. and in the absence of air. The catalyst is reduced in hy- 
drogen at 400°C, for several hours before use. 

Using the entalyst, prepared as above, the following charge was hydrogenated at 115-155°C. and 
400-500 p.s.i. in an autoclave: 360 parts nitrobenzenc, 800 parts sulfuric acid, 450 parts water, and 
25 parts catalyst, After 15 hours of treatment the charge was removed and only traces of nitroben- 
zene were found init. A yield of 76 parts aniline and 181.5 parts p-aminophenol was obtained. 


. Vapor-Phase Reduction. A large number of patents have been issued covering the 
vapor-phase reduction of nitrobenzene by hydrogen-containing gases in the presence of 
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metal catalysts. A survey of the literature shows that water gas or other hydrogen- 
containing gases may be employed. The presence of water vapor is not considered 
objeetionahle, particularly sinee it is known that steam passed over metal catalysts 
(particularly iron) will be decomposed with the liberation of hydrogen. 

It has been found that the metals both preceding and following hydrogen in the 
elcetrochemical scricg can, be used as catalysts. Thus, nickel, iron, tin, copper, silver, 
and gold are all mentioned in the patent literature. However, no spccifie conclusions 
van be drawn regarding the groups of metals that are most effective. Although nickel 
and copper are considered the most active catalysts for a large number of hydrogena- 
tion processes, it is not always advisable in the reduction of nitro compounds to em- 
ploy the most active cutalysts. Infact, as will be shown later, it is known that different 
aromatic nitro compounds react with different intensity on the same catalyst. 
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Fig. 3. Comparison of catalysts for vapor-phase reduction of nitrobenzene. 


Working under favorable conditions with a nickel catalyst, Brown and Henke (3) 
obtained a 95% yield of aniline from nitrobenzene. With a constant rate of flow of 
nitrobenzene the yields drop off with too much or too little hydrogen. This fluctuation 
has been asertbed to over- or under-reduction. Sinee nickel is such an aetive catalyst 
for this purpose, reduction. of the aniline to eyelohexane and ammonja is known tu take 
place, : 

When s catalyst prepared from precipitated cojrper oxide was used, the reaction 
was more moderate, and the yields under optimum conditions were uniformly good. 

When £n was employed as a catalyst, excellent results were obtained in the reduc- 
tion of nitrobenzene to aniline, The catalyst made from the hydroxide prepared by: 
precipitation with sodium carbonate from a stannous chloride solution was the best. > 

The relative activity of sume of the metal catalysts (3) i8 shown in Figure 3. In 
Figure 3b, showing the effects of “vate of feed” for nitrobenzene, it ean be seen that at 
only one point is the curve for tin below that of copper; in most places, the values for 
tin are above those fer copper. Tin is likewise superior to nickel at all but the highest 
nutes, while, at the lower rates, the yields with tin are far superior to those for nickel.» 

The effect of “flow of hydrogen” in, the presence of the same catalysts is shown in 
Figure 3e. Lt will be noted that the curve for tin has a shape different from that of the 
other two curves; thus, the decrease in, yield with too much or too little hydrogen is 
more rapid for tin than for nickel or copper. However, the region within which high 
yields nre secured is as wide or wider with tin than with other catalysts. 
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On comparing the curves for tin with those for copper and nickel (Fig. 8), oneis led 
to believe that for producing aniline a tin catalyst from stannous hydroxide would be 
better than one from precipilated copper oxide or ignited nickel oxide. Thus, in 
Figure 3a, the curves show that tin will give high yields over a wider range of tempera- 
ture than either nickel or copper. Asa result, a tin catalyst would not necessitate such 
close temperature control as copper or nickel. 


Other Methods of Reduction 


REDUCTIONS WITH SODIUM BISULFITE 


A relatively unfamiliar method of reduction, which is linited in its applicability 
although very eheap and convenient where usable, is reduction by means of sodium 
bisulfite. This reduction, discovered by Piria in 1851, may he represented by the 
following four reactions: 

RNO: -H 3 NaSO: -+ IO ——— RN, 4- 3 Na4804 


2 RNO, 4- 6 NaHS0; + 2 IGO 





» 2 RNE 4- 3 Nas80, 4- ἃ Π.90ι 
RD NO; 4- 2 Na:380; 4- NaI80; ———— R(SOINu)NIH, + 2 NSO 
2 RODNO, -F- 6 NaIS0, ———» 2 RGOSED NES -- 3 ΝΘΒΟΙ -- ΠΟ, 


It is significant in that it gives not only amines, but also o- and p-amino sulfonic 
acids, all in one step. The reaction is generally carried out with excess sodium bisulfite 
(4.5 to 6.0 moles per mole of nitro compound), usually with the addition of enough 
caustic soda to form the required amount of neutral sulfite. A solvent, such as ethyl 
alcohol or pyridine, often helps to speed up the reaction, particularly for nitro com- 
pounds that are either dificultly soluble or wettable. It is interesting to note that 
sulfamic acids have also been isolated from this reaction in certain cases. Examples of 
nitro compounds that may be reduced by the Piria method are: p-nitrotoluene, which 
forms p-toluidine in about 70% yield; p-nitrobenzoie acid, which forms 4-amino-3- 
sulfobenzoic acid; and 4-nitronaphthalic anhydride, which forms 4-amino-3-sulfo- 
naphthalie anhydride. 

The well-known dye intermediate 1,2,4-acid, or 4-amino-3-hydroxy-1-napbthalene- 
sulfonic acid, is made by this general method from 1-nitroso-2-naphthol. The reactions 
may be represented as follows: | 


Ao τα 
E OY" or Cy y” To, 
| > 
BSO;Na 
NOH T Πε 
—OH Na HSO; —OH 
IDSO4 


SOH 


The overall yield from 2-naphthol is about 90% of theory. This method is also used 
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for the preparation of 4-amino-1-phenol-3,5-disulfonie acid from p-nitrosodimethylavi- 
line by the following reaction: 


N(CH): OTL 


+ 2WNaHSso; > ( | 
Να()ωθ-- 50Na + NOCH): 


NO NH: 


SIMULTANEOUS OXIDATION-REDUCTION OF NITROTOLUENES 
PROMOTED BY STRONG ALKALI 

Strong caustic often promotes a sinmltancous oxidation-reduction of nitrotolu- 
enes, whereby the nitro group is reduced to amino and the methyl group is oxidized 
to a carboxylic or a formyl residue. This is similar to the Cannizzaro reaction that 
strong alkali induces in aldehydes. Thus, 2-nitrotoluene-4-sulfonie acid, on treatment: 
with strong caustic soda solution near the boil, forms 2-amino-4-sullobenzoie acid. 
Also, p-nitrotoluenc, on treatment with hot caustic soda in the preseuce of sulfur, forms 
4-aminobenzaldechyde, Although the yield is generally rather low in these cases, they 
have been used industrially to provide a simple one-step method of producing ihe 
corresponding amines from inexpensive starting materials. The reactions may be 
represented as follows: 


CH; qoon 
~N O, r—N Hs 
———À 
BSO;LE SOs. 
CI HC-—O 
| | 
ῃ d 
NO: NH: 


Design and Construction of Equipment 


Materials of Construction. Liquid-phase reductions are usually carried out in 
cast-iron vessels of various sizes. The larger ones (1600-gal. capacity) are favored by 
plant engineers, because of the possibilities of more economical operation. The stand- 
ard machines made by a number of equipment manufacturers resemble one another 
quite closely. Each manufacturer has, however, introduced one or more accessories or 
refinements calculated to appeal to the experienced chemical engincer, 

The iron reducers for iron-acid reductions are sometimes equipped with side and 
bottom cast-iron lining plates, which may be reversed or replaced in order to protect 
the vessel against the continuous erosive action of the iron borings. Alternatively, the 
reducers may be lined to a limited extent with acid-resisting briek or tile, Such a pro- 
tective coating lasts almost indefinitely and performs satisfactorily in service. 

The vessel is equipped with a nozzle at the base so that the iron oxide sludge or 
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entire charge may be run out upon completion of the reaction. A wooden plug faced 
with iron disks and operated by à screw device fills the nozzle so that it is flush with 
the inside of the machine and males an effective seal. 

Wooden equipment is also used, particularly for the reduction, of solid nitro com- 
pounds such as p-nitroaniline. These vessels are made of slaves 2 to 38 in. in thickness, 
and the base is constructed of a double layer of 2-in, boards. Such tubs may range 
from 6 to 12 [t. in diameter and wp to a height of 12 ft. They are equipped with 
wooden exhaust stacks to vent the vapors and gases liberated during the reaction. 
The top of such a reducer contains a large opening, through which the solid nitro com- 
pound, iron, and acid are delivered, and it is provided with a removable cover, Bronze 
pipes are employed for the introduction of steam to such reducers. 

Agitation. In some reducers, a vertical shaft carries a set of cast-iron plows, which 
can be removed through the side door to the reactor. These plows travel at the rate of 
30-50 r.p.m. and serve merely to keep the iron particles in suspension in the lower part 
of the vessel. On the whole, such a type of agitation is not the most satisfaetory. 
Since the reduction process depends upon interaction between the organic compound, 
the acid or metal salts, uud metal, obviously tlie best results ean be obtained only by 
providing for intimate contact between these materials. If, in the reduction of nitro- 
benzene or similar compounds, the agitation is poor, most. of the iron will be at the base, 
while the aqueous portion containing the acid or soluble metal salt will be at the top. 

Advantages of Jacketed Reducers. Practically all the iron reducers employed for 
the reduction of liquid nitro compounds are equipped with jackets, Although the re- 
duetion process is distinctly exothermic, the reaction proceeds best at slightly elevated 
temperatures, and it is customary therefore to warm tle reactants al the start. Bome- 
times it is found necessary to add heat to maintain an active reaction, aud itis generally 
necessary to do so to complete the reduction. ' 

When jacketed reducers are employed, the heat is applied indirectly and no dilu- 
tion of the charge occurs. Under such circumstances, the optiniun quantity of water 
ean be delivered during the “feeding” stage, and the reaction is kept active by regulat- 
ing the introduction of the reactants. When unjacketed vessels are used and live 
steam is introduced to maintain the reaction temperature, the charge becomes unduly 
diluted and reduces the concentration of the water-soluble catalyst below the optimum. 
Furthermore, the liberated heat alone may not then be able to keep the system suffi- 
ciently hot. Such conditions lead to poor yields. 

It is apparent that the introduction of excessive water also entails an mereased 
cost in subsequent operations, Tis immaterial whether the amine is a liquid recovered 
by fractional distillation or a solid recovered by removal of water in a vacuum dryer; 
any excess of water introduced during the reduction proper later requires a propor- 
tional amount of heat to effect its removal. 

Reducer Accessories. The reducer is, of course, equipped with a suitable feeding ` 
device, which will deliver the iron borings as required. The borings bin is frequently 
attached to a scale so that the charge entering the reducer can be weighed continuously 
and accurately (Fig. 4). Suitable flanged or screwed openings are provided for the 
introduction of the liquid nitro compound and catalyst solution, Steam connections 
ave made in accordance with specific requirements, depending on whether or not. the 
vessel is jacketed and whether ar not the resulting amine is to be distilled with steam. 
A sight box, whieh is inserted in the reflux line from the condenser to the reducer, is 
placed directly over the reducer to enable the operator to watch the progress of the re- 
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duction. By means of a valve or gooseneck under this mechanism, a heel of condensate 
is retained to prevent the escape of funes from the reducer. A vent connection on top 
of the sight box leads to an absorber and condenser. 

A very efficient and compact heat exchanger for condensing the vapors from the 
reducer consists of a closed tank completely filled with concentric layers of lead coils. 
Waler at a high velocity eireulates through the coils, entering at the base and diseharg- 
ingat the top. The vapors are distributed by a cylinder in the center of the condenser. 
The advantages of this heat exchanger are that it offers a maximum of surface to the 











Fig. 4. Reducer house, plant assembly. 

1, delivery ex for iton borings; 2, hopper and 
automatic feeder; 3, iron borings delivery line; 
4, reducer; 5, baffle box; 6, condenser (note con- 
nections at hase for reflux or for distillation); 7, 
erude receivers; 8, weighing appuratus for iron 
horings; 9, outlet valve from reducer; 10, 
ordinary revciver used in siphon system; 11, 
vacuum distilling kettle; 12, filter pregs; 13, 
horizontal vacuum still; 14, clevalor shaft; 16, 
sight box on reflus line; 16, safety drip, which is 
kept open curing reflux period to prevent eon- 
tamination of system with nitrobenzene. 























vapors, no deposit or bubbles cover the outside of the eoils to eut down the heat trana- 
fer, and the flow of cooling Iiquid is countereurrent to the descending vapors. ‘The 
condensed liquid collects in a lower cast-iron sleeve from which it flows back either to 
the reducer or to the distilling tanks (aniline receivers) in the event that the reaction is 
completed and the amine is bemg distilled with steam. 

The line to the distilling tank (Fig. 4) contains a valve directly at the tee where if 
branches from the reflux line. A slight slant is given to the pipes so that they will 
drain toward the reducer. These precautions are taken so as to minimize the possi- 
bility of any unreduced nitro compound finding tts way to the receivers for the erude 
amine. An additional safeguard on this line is the drip valve beyond the main valve. 
The drip is kept open whenever the main valve is closed, so that any leakage at this 
point can be quickly detected, thus avoiding contamination of the finished product. 
Tt is known that 0.02% nitrobenzene content will impart a faint yellow color to aniline. 
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‘Technical Preparation of Amines 


MANUFACTURE OF ANILINE 

An aceurately weighed charge of nitrobenzene is delivered to the reducer from a 
lower floor level to avoid the canger of contamination, which is iuhereut in gravity-flow 
systems. About 10-20% of the total iron, water, and catalyst is added, and the charge 
warmed to the reflux temperature, during which a constant effective agitation is main- 
tained. The rate of reflux as observed in the sight glass must be quite vigorous, and 
the condensate fairly hot. If the reaetion temperature is too low, intermediate com- 
pounds are formed, und these are later reduced to aniline only with great difficulty. 

From an operating viewpoint, the process of feeding the reducer is a compara- 
tively simple matter. A smooth reaction devoid of pressure peaks is obtained when the 
iron is uniform in quality and of a good physical character. It should preferably be 
delivered in small quantities to the boiling charge. The frequent delivery of small 
batches of iron minimizes the possibility of “sticking” the stirrers, due to the presence 
of an abnormal proportion of iron hydroxides. When a solid catalyst, such as ferrous 
ehloride, sodium chloride, or sodium acid sulfate, is used, it is customary to feed it 
along with the iron, although theoretical considerations would suggest its complete 
introduction at the start. Such a practice, although simplifying the operation, may 
lead to excessive pressures. The water required for the hydrolytic reactions may be 
introduced in a number of ways. lt may consist of: (1) aniline-waters recovered from 
certain, steps in the operation; (2) dilute aniline-salt mother liquurs when such a 
catalyst is available; (3) the aqueous solution containing the soluble active catalyst 
from a previous reduction; or finally, (4) tap water that is used to wash down each 
addition of iron borings. 

During the addition of ivon, no external heat is required to carry on the reaction, 
as the reduction process is distinctly exothermic, about 1900 B.+.u. being liberated per 
pound of nitro compound that is converted. It is necessary, therefore, to provide the 
most efficient type of coudenser to maintain a rapid rate of reduction and to avoid ex- 
cessive operating pressures. 

Obviously, the preceding outline relating to the feeding of materials to the reducer 
is susceptible of many modifications. It is entirely feasible to add all the water, iron, 
and soluble catalyst at the start, This mass is then thoroughly heated and agitated to 
eich the iron. The aromatic nitro compounds can thereupon be introduced at definite 
time intervals, the preenution beng taken that each portion is completely reduced be- 
fore continuing with further addition. This technique gives satisfactory results in the 
reduction of many nitro compounds. 

After all the reactants have been introduced, external heat is required to maintain. 
a lively reflux. Steam may be introduced directly into the reducer charge, or it may be 
circulated through the jacket of the reducer. The condenser water is throttled down in. 
order to avoid overcooling of the condensate, as this should be only slightly below the 
boiling point. As the reduction nears completion, the color of the distillate changes 
from orange to yellow and finally becomes colorless. 

Because the aromatic amines, unlike the alkyl derivatives, are very weak bases 
the presence of combined aniline, CsHs;NH,Cl, in appreciable quantities would not be 
expected at the close of the reduction. The use of alkali to neutralize the charge, when 
small proportions of a chloride salt are used as catalyst, is then largely a precautionary 
measure, for it ean be shown that the base has been set free almost in entirety by the 
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hydrolytic action. The more highly dissociated ferrous chloride is, of eourse, con- 
comitantly regenerated at the close of the reduction, and the test for soluble iron with 
sodium sulfide solution is very distinct, It is clear that the reaction represented below 
proceeds to the right most readily in the presence of metallic iron. In its absenee, the 
weak base would be almost completely converted to the salt of the amine by the stroug 
acid. 


. Ye 
3 ΏΝΗΙΟΙ -- ο HO z——5 2 RNHSOIT 4 2 HCI 
2 HCL + Fe —— > ¥eCh + Hs 





The introduction of alkali does, however, break down soluble iron aromatic com- 
pounds, such as hydroxylamine derivatives. Furthermore, it makes possible a more 
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Fig. 5. Aniline distillation: plant assembly. 


1, horizontal still, completely laggod; 2, dephlegmator; 3, dephlogmator condenser; 4, condenser; 
5, sight bax with connection leading to 6,7,8, receivers for pure aniline; 9,10,11, crude aniline reser- 
voirs; 12,18, catch-all tanks for aniline vapors; 14, bottom outlet of still; 15, clean-out hole; 16, 
horizontal steam coils in still; 17, vacunm pump; 18, vacuum feed line from crude aniline reservoirs 
to still; 19, outside steam connections to still. 


rapid distillation of the amine, as the introduction of the common ion OH reduces the 
solubility of aniline in water. In the preparation of water-soluble amines, neutraliza- 
tion of the charge is desirable only when the crude product is te be dehydrated and 
purified by distillation. The preparation of p-phenylenediamine is such an example. 
When. the soluble amine is recovered by partial dehydration and crystallization, the 
faintly acid mother liquors, containing the active catalyst, can be used in subsequent 
reductions. . 

The most important problem in the preparation of aniline relates to its separation 
from the reducer charge. The problem is essentially one of chemical enginecring. The 
engineer’s goal is to provide for the continuous mechanical separation of tle aniline and 
water from the iron oxide sludge and to recover the latter as a finely divided dry powder 
of commercial value. The aniline oi] should then be separated from the water in a 
reasonably pure state, the amine going to the storage for final distillation (Fig. 5), while 
the aqueous solution containing dissolved catalyst and some amine is returned to the 
reducer. Groggins (4,5), in a survey of the processes for the manufacture of aniline, 
shows that a great economic advantage accompanies the choice of an efficient separat- 
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ing scheme. In the work just referred to, the following criteria arc suggested as a 
guide in the selection of equipment: (2) simplictty—minimum handling of material, 
(2) yields—reduction to a minimum of the known sources of loss; (8) produchotty—- dis- 
charging the batch immediately alter reduction is complete; (4) water balance—elimi- 
nation of methods that cause an accumulation of aniline -water, as this involves a great 
loss in yield and an increase in power costs; (5) power load—the consumption of steam, 
water, and electricity is an important factor in determining the cost; (6) by-product 
sludge—in some localities, a market can be obtained for a dry, clean, finely divided, 
aniline-free iron oxide. 

Jacket Reduction and Vacuum Still. This method of preparing aniline involves 
the use of a large cast-iron vaemun still, heated by steam jacket aned provided with 
stirrer. The vedueer charge 


1035 p runs by gravity into this still; 

1.030} ~~ ~ Me vb [| c7] as soon as delivery is complete, 

1025|---[- ἰ-- - ο. the reducer is prepared for the 

Lozo L=- =- we oe e kede a o next nm, and the distillation of 
ο”... mne ayer | the finished charge started, Tn- 
Ξ 1010 asmuch as the distillation is 
8 Loos carried on in vacuo, the aniline- 
3 wa ber comes over first, and then 
a 1.000 


a mixture containing mercasing 
proportions of aniline, until all 
the water is removed. The 
aniline content is about half dis- 
tilled by the time water-free 
TEMPERATURE, °F. aniline is obtained. This frae- 
Fig. 6. Temporature-specific gravity curves: anilino- tion continues only for a short 
water system. time, when the distillate is 
. darkened by contamination with 
the residual sludge. The installation of an auxiliary dephlegmator makes possible a 
better separation, bit this, of course, entails an additional cost. 

The system works fairly satisfactorily, the greatest difficulty being the reduction 
of the aniline content of the iron oxide sludge. When the residual amino content is 
about 10%, the charge becomes gummy, and a tremendous load is put on the stirring 
mechanism. This condition prevails until the oxide granulates and falls over the plows. 
Approximately half the operating time is consumed in recovering the last 10% of the 
yield. When the distillate is reduced to negligible proportions, the dry sludge is dis- 
charged into industrial cars. 

An analysis of the hot residue, which is very fine and dusty, shows that it is prac- 
tically all magnetic iron oxide. As it is hot, the surface material undergoes oxidation 
with the formation of the red ferric oxide. Analytical tests show that cousiderable 
aniline remains behind unless long drying periods are provided, 

A modification of the preceding method is carried out as follows: The reducer 
charge is dropped into a large horizontal vacuum tank that is fitted with a large num- 
ber of welded, seamless, extra-heavy steam pipes. Heat is applied as before, and the 
distillation proceeds even more rapidly ow account of the greater heating surface. At 
the close of the distillation, the manhead to the vacuum tank is removed, and thé dry 
iron oxide is flushed out at the base by means of a powerful stream of water. 
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"Phe vacui distillation system may be further modified by distilling with live 
steam tlie final 1095 of aniline.. Such a practice does not introduce a large quantity of 
water into the system and saves considerable time. The vaeuum-distillation system 
apparently doubles the produetivity of the reducers; but, since the eost of the stills is 
quite as great, the saving is more apparent than real. 
Siphon Separation. The introduetion of a siphon into the reducer at the comple- 
tion of the reduction stage to draw off the supernatant oil from the lower aqueous layer 
is a convenient and inexpensive method of effecting the separation. A glance at the 
specifie gravity curves (Hig. 6) reveals that the auiline oil layer becomes lighter than 
water above 160°I, (71°C.). The separation is accelerated and made sharper by the 
addition of salt, which increases the density of the aqueons layer and also decreases the 
solubility of aniline in the aqueous layer. 
Jaeketed reducers are used in this system, and reduction is effected by the use of 
external heat. Owing to the faet that there is a slight loss of water during the reduetiou 
process, 1 is necessary to pro- 
vide suficient at the start to 
. .| Percent 
insure fluidity. An excessive o | CoH, NH3 
waler content, however, dis- 4.5 3.19 
tinetly slows up the reduction 258 
on account of the lower eonecu- Sag 
tration of soluble catalyst. 347 
The siphon is usually an in- 347 
verted funnel operated by a 
worm drive and enters the vessel 
through a tight stuffing box. 
During the operation, ib is | 
worked up toward the top of the 30 40 50 $60 70 80 50 100 110 120 130 140 150 
TEMPERATURE, °F. 

reducer so as to clear the pad- Fig. 7. Solubility of aniline in water. 

dles or other type of stirring 

mechanism. An alternate scheme utilizes a bent tube for withdrawing the aniline. A 
2-in. pipe peuetrates the side of the reducer through a stuffing box above the jacket 
line, and on improvised gage on the outside of the reducer indicates the position of 
the bend on theinside, By this means, it is possible to lower the siphon end accurately 
to the desired level and later raise it out of the sphere of agitation. This scheme 
avoids almost completely any stoppage and breaks in the draw-off line, difficulties 
that are encountered when the siphon is suspended from the top cover of the reducer. 

After reduction is completed, 5-10% by weight of salt, (compared with nitroben- 
zene used) is added, and the agitation continued until the sodium chloride is completely 
dissolved. Agitation is then stopped, the plows are raised above the sludge, and the 
charge allowed to settle. .Stcam is kept on the jacket to maintain a temperature of 85— 
90°C. in the reducer. The introduction of a demulsifying agent along with the salt has 
heen suggested for expediting the separation of the layers. 

After a settling period of about 1 hour, aslight vacuum is put on the receiving tank 
and the siphon mechanism lowered to the desired level. A sight glass on the delivery 
line indicates the rate of delivery and the quality of the aniline. If too great a vacuum 
is used, considerable turbidity results. The tube is lowered slowly until the sight glass 
indicates that the aniline is being contaminated with considerable water. 

The remainder of the charge consists of aniline-water (Figs. 7 and 8) and iron 
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oxides. Live steam is admitted, wilh continued stirring, until the batch is free of 
aniline. The final distillation may be made in a separate still when, production require- 
ments justify such an installation. ' 

In view of the fact that only a small quantity of aniline remains after the separa- 
tion, very little tine and steam are consumed in the final operation, Jn fact, the 
aqueous layer may be returned to the reducer for the next charge and thus save the 
bulk of the soluble catalyst. Still another use for the aqueous layer is its utilization in 
washing the nitrobenzene intended for the reducer house. Those alternative methods 
save the expense of steam distillation and, incidentally, serve a useful purpose in the 
scheme of operations. 

The siphon system is indeed attractive, as it is easily adapted to existing plants. 
It is compact, economical, and devoid of aniline-water problems. The cost of salt, the 
use of which may be dispensed 
Pren] | | | 1 7[-]5 with, is quite insignificant when 

"o compared to the cost of steam 
necessary to distill tho auiline 
from the reducer charge. A 
filter box can be used to advan- 
tage in order to eliminate the 
fine iron oxide that is drawn 
over with the aniline, These 
boxes are constructed so that 
they can be opened and cleaned! 
in a few minutes, and if neces- 
sary a new filter plate may be 
installed. In all cases, it is ad- 
visable to clarify the aniline by 
.30 40 50 60 70 80 90 100 110 120 130 140 150 some method before submitting 
' TEMPERATURE, °F. . : μμ. 

it to final distillation. 

In the siphon system of 
aniline-oll separation, the cost. 
of installation and maintenance is very low, less machinery being used than in any 
of the other systems, There is also a minimum of handling of the amino, and this is 
reflected in better operating yields. 

Owing to the fact that the sludge must. be permitted to settle out in order to 
effect a satisfactory separation, a mechanical problem is presented in providing : 
proper type of transmission to permit resumption of agitation after the aromatic com- 
pound is drawn off. When fine iron borings ave used and these are fed in small por- 
tions, the resultant sludge should not cause any transmission trouble. In fact, in some 
reductions (p-nitroaniline to p-pheuylenediamino), it is quite customary to permit the 
reduced charges to stand overnight. When, however, the transmission apparatus is 
designed to permit the raising of the stirrer, no difficulty is experienced in restarting. 

MANUFACTURE OF p-PHEN YLENEDIAMINE 
p-Phenylenediamine is manufactured commereially by the reduction of p- -nitro- 
aniline with iron and an acid. This reduction is quite similar to that of aniline, and its 

technique is subject to some of the same numerous modifications. 


ON DNIh +6 )——> ENC SNH + 2 HHO 
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Fig. 8. Solubility of water in aniline. 
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The process may be conveniently divided into four steps, which are as follows: 
(1) reduction of the p-nitroauiline to p-phenyleucdiamine; (2) filtration of the reduc- 
tion batch, to remove iron sludge; (3) dehydratiou of filtered liquor; (4) vacuum 
distillation of crude p-phenylenediamine. 


"The Reduction. A large wood vit is used for this operation (Fig. 9). The batch is stirred by 
means of a steel shalt thal carries two or more sets of plows. A heavy-duty motor is provided to take 
eure of the heavy initial reduction load and also jhe starting up of tubs that have been left quiescent 
overnight. Two tubs are required for plant operations. One is used for preparing a new batch while 
the other is delivering the reduced charge to the filter. 

The operation is started by pumping up sufficient wash water from previous charges to cover the 
paddles of the ngitator. The stirrers, which operate ot 40 r.p.m., are then started, and 1000 1b. of iron 
borings is slowly put into the tub. 100]b. of 20°Bé. hydrochloric acid is then added, and the mixture 
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Fig. 9. p-Phenylenediamine plant, 


18 agitated and heated until the iron is etched and a good paste of ferrous chloride is made. Tt should 
react immediately and distinctly when spotted with a weak sodium sulfide solution. Either dry or 
moist p-nitroaniline is then introduced, about 50 1b. ata time. After each addition, sufficient time 
must elapse Lo insure the presence of ferrous ebloride, for it will be noticed that the spot test for soluble 
iron fails immediately after tlie addition of nitro compound. The charge must. be kept sufficiently 
warm so that a foaming reaction prevails. It has heen found that a ratio of 1.20 Ib. of iron to 11h. of 
p-nitroaniline (molar ratio 3:1) gives the best results, although it is possible, as in the production of 
aniline, to lower this ratio slightly. ‘Toward the close of the feeding operation, the balunve of the iron 
necessary for reduction is introduced. Thus, when 750 Ib. out of & total of 1200 Ib. of nitro com- 
pound has been fed into the vat, the balaneo of approximately 800 Ib. of fine iron is added. — About 
12 hours is required to feed the nitro compound into the reducer, 

Toward the end of the run, the reaction slows down, and it is necessary to introduce steam to 
carry on and complete the reduction. ‘The test for solubic iron also becomes less distinct. As long as 
there is any p-nitroaniline present, a yellow spot test will be obtained on filter paper. p-Phenylene- 
diamine yields a purple spot with a perfectly clear ring around the sludge spot. It is always advisable 
to test for suluble iron with sodium sulfide to insure completeness of reduction. If the reduction is not 
carvicd on at the boiling temperature, intermediate azo and hydrazo products ure sure to be formed. 
These are not so easily reduced and cause a lowering of the yield. 

Filtration of Reduction Batch. In order to prevent any oxidation of the p-phenylenediamine 
liquor before filtration, it is advisable not to neutralize the charge until this phase of the process 
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begins. An exeess of soda ash is used, and a test for alkalinity wilh phenolphthalein is required. 2 
Ib. of sodium bisulfite and 3 lb. of sodium sulfide (830% erystals) are bhen added to precipitate soluble 
iron salts and to insure against subsequent oxidation, 

A large plate-and-frame filter is customarily used to separate the residual iron sludge Grom the ps 
phenylenediamine liquor. The press is filed up with « pump for delivering the eharge from the tubs, 
air and water lines, and an ejector for delivering hot walter during the washing period, ‘The press is 
Hirst warmed by passing iu live steam, and the delivery pump is then started. The filtrate is tested for 
completeness of reduction and for clarity. A spot on filter paper should be very light purple with no 
traces of yellow. The presence of a blue tint indicates the Formation of indulines. 

As soon as the batch is on the filter, it is washed with wash water from previous batches. This 
liquid follows the rest of the batch into one of two storage tanks, which are placed below the press level 
go that the filtrate (lows into them hy gravity. Flot water is then introduced into the press, and this 
filtrate runs into a large tank, Snffieient hot water is used to maintain a water balance, that is, to 
have sufficient to provide i heel for the reducer Lub and to replace the original mother liquor on the 
filter. The filter is then blown with air until the cake is dry. The cake is dropped into a pan under- 
neath the pross and removed. — Tt is analyzed regularly for tunino conlent. 
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Fig. 10. Vacuum distillation plant for »-phenylenediamine. 


Dehydration of Diamine Liquor. The filtrate [rom the press is a dilute solution of p-phenylone. 
diamine containing a small amount of iron oxide ir suspension. Since only 936 Tb. of p-phenylenc- 
diamine can be theoretically obtained from 1,200 Ib. of p-nitroaniline and about 9,000-10,000 Ib. of 
witer is used during the reduction, itis manifest that a 10% solution of phenylenedizunine is delivered 
to the Hiquor-storage tank. Although it is feasible and practicable to deliver a solution of sucli 
strength directly to the dryer, it is more economical from the standpoint of both yield and steam con- 
sumption first to concentrate this liquor. Two-stage vertical evaporators and film evaporitors have 
been used successfully for this purpose. A steam-jacketed vacuum dryer of suitable dimensions ean 
be used for effecting the final dehydration. On top of the dryer is an upright steel shell 2 ft. in 
diameter and 4 ft. high. This is packed with suitable material to prevent any entramment and leads 
toa tubular condenser, A sight box at the base of the condenser permits the operator to inspect the 
condensate. This should not contain more than a trace of color, otherwise a loss of p-phenylene- 
diamine is indieated. When the sight box indicates that most of the water hag heen distilled olf, the 
jucket steam pressure is reduced from 15 to 5 1. and after 1 hour turned off completely. If the batch 
in the dryer is now further agitated for 1 hour, it will he ready for dumping, but a sample must alwuys 
be taken first to insure absolute dryness. The crude product must be black with a purplish tinge; 1 
pray tinge indicates moisture. The presence of 1% of water in the ernde product is detrimental to the 
production of a good p-phenylenedinmine. 

The material in the dryer is discharged into large steel cans and weighed, From this weight, 
the yield of erude p-phenylenediamine is obtained, and the charges for the vacuum still are made up. 
It is advisable to analyze the crude p-phenylenediamine for gall and iron at regular intervals, as these 
figures give valuable information regarding the operations, About. 82 Ib. of erude product is ob- 
tained for every 100 lb, of p-nitroaniline reduged. 

Vacuum Distillation of Crude p-Phenylenediamine. A cast-iron still (Fig. 1) capable of hold- 
ing 1000 Jb. of crude p-phenylenediamine is placed on a masonry setting, with a sulid arch built under- 
neath it running back within 10 in. of the rear wall. In this way, the heat, furnished either by gag or 
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hy fuel oil, reaches the still mainly by radiation. When optimam conditions prevail, the temperature 
of the hate in the still will be 280-250°C., and the temperature of the vapors in the Line leaving the 
still will he 180-100?C, Tt is essential that an efficient vacuum pump be installed on this system in 
order to obtain a very attractive crystalline product. The crystallizing pans that receive the con- 
densed vapors from the still ave placed into water-eoolcd castings. Al the close of each run, the pans 
are allowed to stand and cool for several hours πι] {Πο} pulled out. Tt is necessary to cool the dis- 
tilled product shout 36 hours before breaking it up, as it remains molten on the inside for a long time. 
Jt is also true that its color deteriorates if the fused cake is broken prematurely. 

Tf the erude is moist, the Anal produet will be very poor anc sometimes sloppy. A. distinet 
red coloration of the finished product indicates either moisture or acidity in the erude product. 

Yields. The yields obtained by the process outlined above should he about 90% of theory, or 
slightly over 70 Lb. of finished p-phenylenediamine per 100 Ih. of p-nitroaniline used. "he sources of 
loss in the system are: 
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SOME REDUCTIONS WITH SULFIDES 


"Phe following brief deseriptions will serve to illustrate somo of the types of alkaline 
reductions: 


Preparation of m-Nitroaniline. 168 parts of m-dinitrobenzene and 1600 parts of water are 
placed in a tub and thoroughly agitated while the temperature of the mixture is brought te 85°C. To 
this suspension is gradually udded a concentrated solution containing 128 parts of sodium sulfide and 
{40 parts of sodium hydrogen carhonate, The stirring is continued at. 80-85? C. until the reduction 
to nitronmine is complete. This point may be recognized by the fact that a drop of the solution on a 
filter paper gives a streak of metallic sulfide with a solution of iron sulfate. The whole reduction 
mixture is poured on ice and stirred. "he m-nitroaniline is then filtered off and washed with cold 
waler. The yields by this procedure, according to Vorontsov (8), are stated to be 87% of the thoo- 
retical. . 

Por works operations, this crude product is dissolved in hydrochloric acid, the sulfur filtered off, - 
nnd the solution used directly. A distinct loss in yield is obtained when the m-nitroaniline is re- 
crystallized fram hydrochloric acid solution, the yield being only 71-73%. The mother liquors muy, 
however, be entployed in subsequent purifiention operations, 

Preparation of 5-Nitro-1-naphthylamine. When naphthalene ig dinitrated, a mixture of 1,5- 
und [,8-dinitronaphthalenes is obtained. Upon reduction under coutrolled conditions with sodium 
sulfide, the 1,5-isomer is partially reduced selectively, while the 1,8-derivative remains substantially 
unaltered (12). Thus, a suspension of 55 parts of the mixture of isomers in 400 parts of water is 
heated to 90°C., and a solution containing 23.2 parts sodium sulfide erystals and 6.2 parts of sulfur in 
80 parts ol water is added. The mixture is stirred for 15 minutes, and then cooled and filtered. ‘The 
residue on the filter is washed with water and then is treated with dilute hydrochlorie acid to dissolve 
any nitro amino compound, The acid mixture is filtered and the residue, which is relatively pure 1,8- 
dinitronaphthuene, is washed with water. The filtrate contains tho hydrochloride of 8-nitro-i- 

" naphthylamino. 

Preparation of 2-Amino-4-nitrophenol from 2,4-Dinitrophenol. This reduction is made by add- 
ing 90 parts of an uqueous solution containing 17 parts of sodium sulfide to a solution of 60 parts 
of ferrous sulfate in 80 parts of water, The mixture is thoroughly stirred until n suspension of 
freshly precipitated ferrous sulfide is obtained. There is then added 20.6 parts of the sodium salt of 
2,4-dinitroplienol dissolved in 160 parts of water, and the mixture is heated gradually to approx- 
imately 60-80°C, until the reduetion of one nitro group is complete. 

The charge is then filtered and the filtrate exactly neutralized hy the addition of hydrochloric 
acid, The precipitated 2-unino-4-nitrophonol is then filtered olf, 
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Preparation of 2-Amino-7-chloroanthraquinone. The corresponding nitro compound can be 
reduced satisfactorily in alkaline sulfide solutions without appreciable replacement of the chloro sub- 
stituent. This proecdure is of interest in view of the fuct that the halogen substituent is loosely bound 
hy virtue of the presenes of the —NO, and >CO groups. The reduction is carried out by suspending 
287 parts of 2-nitro-7-chloroanthraquinone in 5000 parts of water containing 40 parts of enustic soda 
and 625 parts of sodium sulfide (9 HLO). The mass is heated £0 tlie boiling point and boiled for 1 to 2 
hours. The amino compound is then filtered off and washed with hot water. 

Reduction of Nitro Azo Compounds. When p-nitrouniline is diazolized and eoupled with an 
amine or à phenol, a nitro azo compound is formed, thus: 


ONE NC oN 


Strong reducing agents will reduce not only the nitro group but the azo group as well, with the produc- 
tion of p-phenylenediamine and. p-uminophenol, "The nitro azo compound is therefore dissolved in a 
weak alkaline solution, and at a Lempernture of 40-50°C, two moles of sodium sulfide as 30% erystals 
is slowly added. The charge is thoroughly stirred until spot tests show a change of color, thus indi- 
cating that the selective reduction ig complete, The »aminophenylaze compound is then separated 
by either salting out or neutralizing the solution with dilute mineral acid. 
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AMINE OXIDES. See Amines. 


AMINES 


The amines are derivatives of ammonia (from which the name is derived) with one, 
two, or all three of the hydrogen atoms replaced by wiivalent hydrocarbon radicals. 
Depending upon the number of ammonia hydrogen atoms so replaced, three classes of 
amines are obtainable; 


NH; RN? RANE RN 
ummnonia primary amine — secondary amine lertiary amine 
The groups characteristic of the three classes are then: —NHb, primary amino group; 
=NH, secondary amino group; =N, tertiary amino group. 


The =NH group is called the ¿mino yroup when it is attached to a bivalent hydrocarbon radical, and 
the compounds are ealed ¿mines; as, (CH;)C==NE, isopropylidenimine (seo mines). The =N 
᾿ é ' 


AMINES 703 


group is called tho nfrilo group when it is attached to a trivalent hydrocarbon radical, and the com- 
pounds are culled nitriles or cyanides; as, CHACesN, acetonitrile or methyl eyanide (see Nitriles). 

Compounds in which nitrogen forms part of a ving, as in pyridine (qv.), quinoline (yv.), pyrimi- 
dine, hexamethylenetetramine (q.v.) and morpholine, have sometimes been regarded as tertiary and 
secondary amines, but more often as compounds characterized by their ving systems (see Meterocyelic 
compounds). 


N 
0 . τι =~ . 
ye HG it CH; 
N 


“oN 
N VN, N Inc ὦπ, 
| | | πιό m ÁN 
UN A Ch, CH, 


N Ν΄ ^N 
Hy 
pyridine quinoline — pyrimidine morpholine hexamethylenetotramine 


The substituting radicals, R, in amines may be any nonacid radicals (acid radicals 
attached to nitrogen are characteristic of amides (q.2.) and imides (g.v.)); the radicals 
may be satiated or unsaturated: aliphatic (allcyl), alicyclic, aromatice (aryl), aro- 
matic-stubstitiuted aliphatic (aralkyl), or heterocyclic. If a secondary or tertiary 
amine contains unlike radicals, it is called a mixed amine. Mixed amines having both 
aromatice and aliphatic radicals attached to the nitrogen atom are usually regarded as 
aromatic, since in chemical properties they most closely resemble the purely aromatic 
amines. Ou the other hand, amines containing aralkyl radicals, such as benzylamine, 
CoHCH.NH,, and s-phenylethylamine (phenethylamine), CsHsCH»CH sNH:, in 
whieh the aromatic nucleus is separated from the amino group, resemble aliphatic 
amines in their chemical properties. 

Amines may also be classified by the number of amino groups in the molecule, as 
diamines, triamines, ete. Furthermore, other reactive groups may be present, attached 
either to carbon atoms or nitrogen atoms. Examples of other groups attached to car- 
bon are carboxyl (see Amino acids; “Aminobenzoic acids’? under Benzote acid) and 
hydroxyl (sec Amino alcohols; Amino naphihols; Amino phenols). Groups that may 
replace hydrogen attached to nitrogen inchide halogens (as in N-chloreamines, con- 
taining the grouping —NEHCI or —NCb) and the nitroso group (as in nilrosamines or 
N-nitrosoamines such as Re2N.NO). Amine oxides, RaNO, are oxidation products of 
tertiary amines (see reactions under “Aliphatie amines” and “Aromatic amines,” pp. 
705, 714). 

The classical work on amines was carried ont by A. W. Hofmann in the middle of 
the nineteenth century. 


Nomenclature 


Amines are named by three principal methods: (1) by common (radical) or trivial 
names; (2) by names formed by adding *-amine," "-diamino," ete., to the naine of the 
hydrocarbon; and (8) by the prefix “nmino-.” Monoamines are usually named by 
radical names, but some aromatic amines have trivial names, which (except for aniline 
(q.v.)) are based on the parent hydrocarbon and end in ‘“-idine.”’ Radical names pre- 
ceded by “di-” and “tri-” are used for simple secondary and tertiary amines, respec- 
tively. Euch radical in mixed amines is named; the smaller radicals may be named as 
substituents on the nitrogen (indicated by N-~) in the amine containing the largest 
radical (thus mixed aliphatic-aromatic amines are named as derivatives of the parent 
aromatic amine). 
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Formula Common name Synonyms Class of amine 
CHN H, Methytaımine Aminomothane Primary 
CHiN He Aniline Phenylumine; aminabenzene Primary 
p-CH,CyHaN Ile p-Toluidine p-Melhylaniline Primary 
(C,H;NH Dicthylamine Simple secondary 
(ΟΠ) Triphenylamine Simple lertinry 
CILN HCH, Methylethylamine N-Methylethylamine Mixed secondary 
CHN (CH; )e Dimethylaniline N,N '-Dimethylaniline; DMA Mixed tertiary 


The method of naming amines based on the hydroearbon name is recommended 
by the I.U.C. for diamines, trianines, ete., in preference to the common names based 
on radieals like phenylene. Yor additional examples see "Tables I-Vl. For a further 
diseussion of naming amines, see. Nomenclature. 








Formula Common mime LU.C. name 
NILCILCEILNTT, Ethylenediamine . 1,2-IGthiuediamine 
NIHSQCH2)NIT; Putrescine; tetrametbylenecliamine I t-Butanedinmine 
p-N EC; HíN H; p-Phenylenediamine; ]1,4-diaminobonzene T, 4-Benzeneciuiniue 


P-N H Ca HaC HN He Benzidine 


4,4"- Biphenyldismine 


General Properties 


The amines are basic substances: the aliphatic amines are stronger bases than 
ammonia and hence are alkaline to litmus in aqueous solution, whereas the aromatic 
amines are weaker bases than ammonia, aniline being neutral to litmus. Apparent 
dissociation constants (Kp) have heen reported for primary aliphatic amines in the 
range 4-6 & 107‘, for secondary amines in the range 1 » 10-5 to 10 5 1074, and ter- 
tiary amines in the range 6 X 1075 to 7 X 10-75, as compared with 1.8 X 10 for 
ammonia. Dissociation constants given for aniline, its N-methyl and N, N-dimethyl 
derivatives, o-toluidine, and o-phenylenediamine range from 2.4 to 4.6 X 10-5, 
whereas the introduction of substituents such as the nitro group, halogen, or another 
aryl group markedly decreases the basicity, depending upon the substitucnt and its 
proximity to the amino group (for example, Kj, reported for o-nitroaniline is 1.5 X 
10-1), 

The alkalinity of aqueous solutions of aliphatic amines is due to the Formation of 
unstable hydroxides analogous to ammiontuin hydroxide: 


CH;NH, + HO OIRNIROU s= [CNH] + + OM 


methylamine methylanunonium 
hydroxide 








In general, the amines form crystalline, water-soluble salis with acids, which, unlike 
aimmoniiun sults, are for the most part soluble in aleohol. Amine salts are best 
formulated and named like ammoniun salts, but they have usually been treated as 
"addition compounds" (g.v.) : 

NILCI or [NI] * CI CILNIICGIor [CELNIL] * Cl CHUAN He ICL 

‘ammonium chloride mothylammonium chloride methylimine hydrochloride 
Salts of aliphatic amines with most acids are stable; the nonvolatile amines absorb 
carbon dioxide from the air to form crystalline carbonates, Salts of aromatic amines 
with weak acids ave largely hydrolyzed in water. Stroug alkalies like sodium hydroxide 
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liberate all amines from their salts. Amines are often conveniently used in the form of 
their salts, and certain salts are useful for identifying amines (see “Characterization,” 
helow). 


Quaternary ammonium salts are an iulcresting group of compounds formed as end products of 
the preparation of amines by means of alkyl halides or alkyl sulfates (sce preparation under “Aliphatic 
amines," p. 710) or hy reaction of amines (particularly tertiary amines) with the above reagents, Like 
the amine salts, they are best considered as analogous to smimonium salts rather than as “addition 
eompaunds" : 


(CHANTI or (CHi) N] t I> (CHala N.CII 
telramelhylammonium iodide trimethylamine methiodide 


Unlike the amine salts and ammonium salts, the quaternary salts are not decomposed by alkalies he- 
cause the corresponding hydroxides (such as (CHy)s4NOH) are remarkably strong bases (see also 
Quaternary ammonium compounds). 


Primary and secondary amines, particularly in the aromatice series, also form 
salts with alkali metals of the types RNHK and RNK. 

Amines, like ammonia, form coordination compounds (y.v.), but less readily in 
most cases; however, complexes with ethylenediamine (q¢.v.) (en), such as [Co ena] Cls 
are very stable. 

The chemical behavior of the amines is greatly influenced by the nature of the 
amino group, that is, whether it is primary, secondary, or tertiary. The tertiary 
amines, because they possess no hydrogen atoms attached to the nitrogen atom, are 
unaffected by many reagents that react with primary and secondary amines. 

The ability of amines to neutralize acids leads to their use in aqueous solutions as 
eorrosion inhibitors, in the removal or concentration of hydrogen sulfide and carbon 
dioxide in gases, aud in the preparation of various emulsifiers. Many amines are valu- 
able intermediates, the aromatic amino compounds being particularly useful in the 
manufacture of dyes and rubber chemicals, 

Characterization. Primary and secondary amines are often characterized as 
amides prepared by the action of various carboxylic or sulfonic acid chlorides on the 
amines. Primary aromatic amines are best recognized by diazotization and conpling 
with a phenol to produeo à dye. Tertiary amines may be characterized as double 
salts of picric, chloroplatinic, or chloroauric acid. ‘These reagents are also applicable 
‘to many of the alkaloids as well as primary and sccondary amines. The platinum and 
gold salts are especially useful i quantitative work, A mimber of tertiary amines 
have heen identified by means of addition products with methyl p-tolucnesulfonate. 


Aliphatic Amines 


Physical and Chemical Properties. All of the lawer primary amines are gases 
(Cy-Ce) or liquids (C-u), with odors resembling ammonia (Ci-C4) and becoming 
fishy (Cí-C5) and then. decreasing in inteusity with increasing molecular weight; the 
higher primary amines are solids. Except for dimethyl- and trimethylamine, whieh are 
gases, the lower secondary and tertiary amines ave liquids. In general the branched- 
chain amines have greater volatility than the corresponding straight-chain compounds, 
The densities of the aliphatic unsubstituted amines are less than one. A comparison of 
primary, secondary, uid tertiary amines containing the same radicals shows that the 
tertiary has the highest boiling point and greatest density, and the primary the lowest 
boiling point and density (see Table I). 

The primary amines (CC) are completely miscible in water, alcohol, and ether 


AMINES 


706 














6z6T T | «62940 | ob τ - 
— — ε0ζ-ξυξ — 
— | — | 8Sgr-eeI — 
EGOR T — 097940: OFT-68I GL — 
— f 2840! Τ91-601 -- 
στ | εἶξζζΖ 0 Ἐ8 — 
gFOFI|  f8840,| A4 OIL|9 68 — 
s£ABE 1 | «80150 ] — eee og — 
1068 ΤΙ aE089°0 FL 96 — 
F 
' | 
uETOITOI | 1920 ege — 
στ ! — S SFE — 
— ΓΤ οτε — 
— ΙΙ... εἴθε! Le 
— — | D606| Sé-26 
— ,  off60; Oe) LI 
OS t| — 4440 9 64T — 
— L o — ασε] I> 
— | 1920 eg, | i 
— | TSEZL'0 ὅς | > 
— | — €eQcAÀ 0 | 26-86 — 
— |o H940 ποτ) ο — 
«FZE I | 969'0 ; FT 9F | 949 — 
επ0905᾽Τ ὶ Ten 0 | £0 | ¢ f0I- 
vaS4868 E | 9840 | g9 | ees — 
WRT; το ο 8 | sos — 
Pare E | eiF69 70 FE 6 I0I— 
ο 61450; — LSF gs — 
— | B00] ΘῸΙ |908 — 
sure T | a 18020 go- | 266 — 
s ep D.*"dg |'0."d^K 





| 





"H'OHN'HO 


HN'CHO*HOHO'CHO)) 


HN*CCHO)*HO) 


HNY((CHO)HO*HO!'HO) 


HN'CHOHO'CHOD) 


HN(CHO'HO*HO'HOS 


HNUHOFCHO)) 
HN*CHO*HO'HO) 
ΜΗ) 
HN*CHO) 


*HNCHOHO HO 
"HN'"UHOYXHO 
"HN?'CHOPFHO 
ΠΝ {ΠΩ} ΠΩ 
*HN'CHO)'HO 

"HNS(SHO)*HO 
*HN"(HOXHO 
επ πώ) ΠΟ 


εοΠΟ)(ΗΝ ΩΙΗΟ ΠΟ 
"HOCHNOHO!*HO!HO'HO 
"HN?HO'HOHO'CHO) 


"HE N*CHO)*HO 
"HNHO'CHO) 


"CHOCHNOHO*HO!RO 


i 


eurueAqjo[éqyome-A 
surure(TÁgnqrAq3onr-g)stq 


eurure(p.£dogdpAu12ur-T)sier 
aurure( 1 £dogdp.iugour-z) srep 


fianpuoo2y “q 


euedoudouruy-g 

eurugjAis20js :ouvbop9joobulury-T 
euuoepexaqourmus-[ :9umuup[togpexapn-u 
9Suejapuijoioururv-1 

eurus[Aune[ :oueJoepopoururv-T 
euuospoururv-r 

9I82900UIUIY-T 

ouvxeqourumy-T 


iourure(&doad]4 qjaurp-T y): eueynqpimiour-z-ourury-z 


supae(TAinq]4qa9yy-T) 
aungiéqeur-g-ourury -T 
augjuadourury-T 
eumre(TAqjo£qgout-T'T) 
ourum(j&dordpínqyour-T) :auvjnqoururv-z 


eurure[4qjop&qio]q 
eurure[AUreostT 
eurueture-u-uq 
ΘΤΠΠΠΈ] ἀηπΩ-228-τ(Τ 
9ururs[anqosn(p 
θαππεμπα-απα 
Surure[AdoadosriT 
eurureT&doad-u-rq 
aurar iqq 
eurure[Aq32ur(r 


aumre[iqry. 
oupmmvLiospgjoQ-u 
Iwt 
eumurerA»opedaT-u 
eurure[499po(p-u 
eurare Lsa q-u 
aurure[4]20-u 
HUUU ÁSI -U 
Suruepiury-j425] 
eusjuadourury-z 
eurure[Aurgos 
eurure[Aury-« 
IUe iMg] 
3urumpGnq -23s 











SHN*HOHO'CHO) auwgdoidjiqa2ur-g-ourury-T ; outurej&gnqosq 
"CHNCHO*HO*HO*HO euvinqourmry-T 3urue[A3neq-« 
"HKHO'CHO) eugdodoutury c eurure&doadosT 
"HNH HOHO Swedoadourury-p sanrure dod p-u 
*HNAHO*HO | eugsgjeoumry | θυτατε τῇ 
NEO ouumourourur aurureLapoeTq 
Ποια cy 
CRU WT SurAuon c stem Towmurery 





‘souTuRouoyy WeydTY "I PIAVE 


707 


AMINES 





















































— | περ | —"'oec-rec | 06 | nwUmo | l surure  5xouo]o A21(q 
OTLEF I 168'0 | Tel | — | ΞΗΝ ΠΗ | υππτινοιράηπχοη : θαπκοῃο[ράροπµαγ | auruu[Axauopo 47) 
σαι cP | Deo “απ ' Do CTN : m[nruJo q | sur&uouág | sure Wome) 
m } Ὁ 9 | wo | 
"seupury 2mJA9ITY. "TIE GPIHVL 
| gyd i | 
! | t i { 
| | -soqd) | sumuipauer&qyourer ejt Ado 1doururetp | 
ΠΝ | — — Ι16ζ-055| "HNCCHOHIN'CHO)HN*CHOYHN | ieupsonnd(1&doad-u-ourarv-£)stqr-, N'N auruLids 
-- | — Ισζ-955 | ζο-05 ΞΙΝΠΟΡῊΝ | ϑαθηουοῦύπππηΡ-5Ἱ :eumuerpouvjoO-s'I | eurursipouo[£qyoursjoQ) 
— .. 961 OF NACH O)AN | auexeqoururerp-g‘T feururerpeugxa]]-9' T οπτππἨτρθπο]άτηΘπεεκοχΤ 
| | 9πθηποίοππππιρ-οἹ ‘aurureip 
— ese 09 T apg j  [65— "ENÜÜSHO UN | -eueptugsurejued feururerpauejuag-e'T | απµολερσΏ 
. | | | ouvinqourmuvIp-r'i 'eupuvrp 
τ = scl p 2 "HN'ÜCHO)HN -dua ipowe} ieuruvipouggng-r'T 2upsern,g 
| 3 - t -nf 
OSF T | "8680 , 09 θα επ! — | "HOCHNOHO!HO'HO*HN ougmepomemere j  eumejnqourureuTq-g'T 
| JUV 
— ! αἴθ 0 | eegp| — "HENÉÜEHO)HN |  -o1dourumip-g^T ‘auporerpouedord e T | UUR pA TPU p, 
ou 
— 1828 0 {πα} 611 — 1 SH NTHOCHNOHO'!'HO -oidourmuer-z'| :eururerpouedodq-g'q eururgpaua[Adoaq 
voz00TET I | T6680 | TOT | 98 | ΠΝΠΟΪΠΟῊΝ suruipauvii-z r eurarerpauoqAuyq 
gu | ὦ | "Oe "dg | De “HIT: "EIDHULIO ΤΙ - | suiuon4g S9ureu uOuruior) 
"seupurefpog pue -iq oneudqy ΠΠ ΠΊΒΥΕ 
— eg; — | *CHSO)N*HO | eupuepiqeriíujeqW-w | eunue[Aqiemitqopr 
— | γε) - | NCuo mono«muo) i surae(panqrémaeu-g)suj, | ourure[Aureostu T, 
— | ζι-εσι' -- | κ ΠΟ) ΗΟ) | . upare iwe- I, 
OSCE I | 9-Τ6] | 815 — | N'CHOHO'CHO» | eurure(q&doadpéqqouu-z)sttT, euraepAnqosma, 
i ui i FIZ | — i N'CHO!*HO*HO!HO) | 1 ourae[4inq-u-ag, 
SAT 98r | €'&& — | N'CHO*HO'HO) i ται κα, 
— | HIRED]  p— N'CCHO*HOIO) | ‘presnu ποσοιμπ,, foupure([Aujeoro|qo-g)sHp | -inoiopqonl-, 6,6 6 
£00 T | 6065 | S'fII— | ΝΗ ΗΟ) | SURUPU HORT 
— | 96 ΤΕΙ - | απο) | aurure <q NT, 


foya g "9 


708 AMINES 


As the formula weight inereases (Cy up), the solubility in water diminishes. The 
secondary and tertiary amines are soluble in alcohol and ether but have very limited 
water solubility (only RoNH, where R = Cy—Ca, und (CHs)sN are water-soluble), 
The lower amines form stable hydrates, whieh make purification difficult, whereas the 
hydrates of higher amines (Cie wp) are quite unstable. 

With the introduction of additional amino groups, the boiling point is considerably 
elevated. The aliphatic diamines containing straight chains with terminal amino 
groups, NEL(CH:)} NHs, are liquids ov low-melting solids and are readily soluble in 
water. Like the straight-chain dicarboxylic acids (sec sLeids, dicarboxylic) the diamines 
with an, odd number of carbon atoms have lower melting points than those with wn 
even number immediately preeeding them in the series: Ce, 8.6°C.; Cs, liquid; Ca, 
27°: Cs, liquid; Co, 42°; Cy, 20°; Cg, 51°; Co, 87°; Cro, 62° (see Table TT), 

Reactions. In addition to the influence of the mature of Lhe amino group, its posi- 
tion in the hydroearbon skeleton also influences the properties of aniines, just as does 
the position of the hydroxyl group in aleohols (q.».). 

Tf organie nitrogen compounds are regarded as analogs of oxygen compounds (seo Nitrogen sys- 
tem of compounds), primiury and secondary aliphatic amines are analogous to aleohols sud may be 
entled “ammono alevhols.”” Similarly, tertiary amines are analoguns to ethers. 


RCHOH ReCHOH RCOOH RO 
RCH NH, CIN Ha ΤΟΝ. RN 
(RC He) oN 1 (RaCEH) NII (R4 C)NH 


Acylation of primary or secondary amines with acid chlorides or acid anhydrides 
yields N-substituted amides. Acylation is possible, but usually slower, by the use of 
free acids or esters (sec Amides; Ammonolysis). 

Primary amines RNH, + R/COC] ———> RNIECOR’ + HCl 
RNB, + (R/CO),0 — —5 RNHCOR' + R/COOH 
Secondary umines RN EF R'COCT ———— ἨΙΝΟΟΠ' + HGL 
10 ΝΗ A GUCOJO ———— RaNCODB/ -- R/COOH 
Tertiary amines are not acylated by these reagents. However, they combine with acid 
chlorides to give unstable quaternary compounds of the type [RANCOR JC. 

Primary and secondary amines also react with sulfonyl chlorides, R'/SO&CI, 
yielding sulfonamides (q.v.) of the types RNHSO:R’ and RaNSO.R’, respectively. 
This reaction is the basis of the Hénsberg test for the differentiation of primary, second- 
ary, and tertiary amines. In this test benzenesulfonyl chloride (CHSC) is 
usually used. The sulfonamides (RNHSO2R’) formed by primary amines are alkali- 
soluble hy virtue of the presence of an “acid” hydrogen in the molecule, whereas the 
sulfonamides (RGNSOSR/) formed hy secondary amines are alkali-insoluble. Tertiary 
amines are unaffected hy the reagent. p-Toluenesulfonyl chloride (p-CETCsH4SOsCL) 
and alkali are often used in the separation of primary, secondary, and tertiary amines 
(sec “ N-Alkyl and aryl derivatives” under Aniline). 

Nitrous acid reacts differently with the three classes of aliphatic amines. Pri- 
mary amines yiell nitrogen gas quantitatively and several organie produets, usually 
chiefly aleohols. The compicxity of the reaction, which involves rearrangements, is 
indicated by the case of n-propylamine: 

. CH,CHOHCH, 
CH, CHLCHLNEH: -+- HONO ———— Ny -- GEICHGCESOIT 
CEIRCH: CHe 
Other reaction products (esters, ethers, and alkyl balides) have also been isolated in 
similar reactions. With higher amines (above Cy), the corresponding alcohols can be 
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obtained in excellent yield. Secondary amines, when treated with nitrous acid, yield 
nitrosamines, no nitrogen gas being evolved: 

ReNH -- HONO —— R.N.NO + ILO 
Tertiary amines are not affected by nitrous acid, or at most form the nitrite salts re- 
versib' y. 

The reactions of primary and secondary imines with nitrosyl chloride (NOCI) are 
similar to the reactions with nitrous acid. Primary amines yield nitrogen gas and alkyl 
chlorides, whereas secondary amines yield nitrosunines. 

Alkylation of aliphatic amines takes place during the alkylation of ammonia (sec 
“Preparation,” p. 710). Dealkylation is effected with greater difficulty, as by heating 
the hydrochlorides to high temperatures: 

(CHs)sNHCl ——— (CH) NH + CICI 


This method has been used for preparing methyl ehloride industrially from the tri- 
methylamine from heet-sugar residues, 
Carbon disulfide reacts with aliphatie primary and secondary amines to form 
alkyldithiocarbamic sults, Tertiary amines do not react. 
2 INT + Ch, τπτ RNIICSSNH;R 
2 RaNTT + CS; ———> ReNCSSNH.R, 


Certain metallie salts of the dithioearbumie aeids from. primary, but not, secondary 
amines, decompose in boiling water to yield the allyl isothiocyanates or mustard oils 
(sce. Cyamides). 

RNIICSSITgCI ———9 RNCS -+ Hes + IC 
These reactions are the basis of the. Hofmann. mustard-oil test [or ciistinguishing the 
threo classes of amines, Primary alkylamines also react with tliophosgene (CSCL) to' 
yield alkyl isothiocyanates. 

The isocyanide or carbylunine reaction is exhibited only by the primary animes, 
which when heated with chloroform and alcoholic potassium hydroxide yield isocya- 
nides, characterized by a repulsive odor useful in detecting primary amines. 

RNI: + CHC: + 3 KOH ——— RNC + 3 KO + 3 HO 


With aldehydes and (less readily) ketones, primary and secondary amines add to 
the carbonyl group; various dehydrated and complex products result, the most 
familiar being Schiff buses (see Andils; Schiff bases). 

ΤΝΤ. + R/CIIO ———> RN: CHR’ -- H,O 

N-Chloroamines can be obtained hy the action of sodium or calcium hypochlorite 
on primary and secondary amines: 

RNIT -+ 2 NaQC] ———> RNC + 2 NaOH 
NH A Na QC -> RNC -+ NaO 


The N-elloronmines are explosive, but less so than nitrogen trichloride. 

Most aliphatic amines are resistant to oxidation in seid solution, but in alkaline 
solution all three classes of amines nay be oxidized to a large variety of products. Of 
interest are the busic amine oxides, RgNO, often obtainable in good yield by oxidation 
of tertiary amines with dilute hydrogen peroxide solution; au example is trimethyl- 
amine oxide, (CH3)sNO, a hygroseopic solid, m.p. 208°C,, which has been found in the 
muscles and blood of some fishes. | 
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Certain aliphatie diamines are converted smoothly into heterocyclic compounds 


by heating their dilyydrochlorides: 
H,C—CT, 


CILCHLN HyCl : . 
| ——À | SNHSCI + NITCI 
CILC LN ICEL Ι LC—CEL 
tetramethylenediammonium pyrrolidinium chloride 
chloride 


Occurrence. The three methyluniucs (primary, secondary, and tertiary) obeur 
in plant tissue and the exereta of animals. Few of the other unsubstituted primary 
aliphatic amines occur naturally, Most olf these arise from decomposition of amino 
acids (q.0.), for example, isoamylamine from leucine, aud isobutylanine from valine. 
A number of diamines result from bacterial decomposition of proteins, such as tetra- 
methylenediamine (putrescine), NH2(CHz),NHe, aud pentamethylenediamine (eadav- 
erino), NHa(CHs)gNHs. Many substituted amines play important roles in living 
organisms. 

Preparation. The following general methods are employed for the synthesis of 
the aliphatic amines (see also Alkylation; Armination by reduction; Amuwnolysis; and 
specific amines). 

Alkylation of ammonia in alcoholie solution or in the vapor phase results in the 
formation of a mixture of primary, secondary, und tertiary amines and quaternary 
ammonium salis (see Qualernary ammonium compounds). The reaction of ammonia 
with alkyl halides (RX) is frequently referred to as the Tefmann reaction, It proceeds 
stepwise, as follows: 

NH; 4- EX ———-2 ENH;X 
ΕΝΤΙ; + RX ——> R,NILX 
WNH + RX ———— It, NHX 

RN + RX ——— IuNX 


The reaction may be modified by starting with amines instead of ammonia. The 
primary amines are the least reactive with these alkylating agents, the reaetivity in- 
creasing slightly fron primary to secondary to tertiary amines. It is not possible to 
obtain good yields of secondary and tertiary amines, With sufficient alkyl halide the 
end product is of course the quaternary salt. In general, any alkyl halide can be em- 
ployed, except those containing a tertiary carbon atom (RsCX), in which case olefins 
are formed. Iodides are more reactive than the corresponding alkyl bromides, which 
in turn are more reactive than the alkyl chlorides. However, the cost of the reagents 
decreases in the same order so that allyl chlorides are the preferred halides where cost 
is a factor (see Amylamines; Bulylamines). Alkyl sulfates can be used in place of the 
alkyl halides and are economically preferable in many cases, 

Alkylation of ammonia with alcohols is carried out in the vapor phase over de- 
hydrating catalysts such as alumina, Lower alkylamiues are usually manufactured 
by this method (see Hthylumines; Methylamines), 

Reduction of several types of organic nitrogen compounds leads to primary 
amines, sometimes with secondary aud tertiary amiues as by-products. 


Nitriles RCN + 2 H ——— RCINH; 
Nitroalkanes RNO: + 3 H, — —9 RNL + 2 H0 
Oximes RCH: NOH + 2 Hy, ———+ RCHLNE, + HO 


Phenylhydrazones | RCEH: NNHOCSH; J- 2 H4 ———- RCILNIL + CHN He 
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Various reducing agents are used for the above conversions, such as hydrogen 

(Runey-Widal), sodium in boiling alcohol, sodium amalgam, and zinc-bydrochloric 

acid. ' 

Dialkyl cyanamides on refluxing with sulfurie acid yield secondary amines. 

In the oxidative rearrangement of acid amides (Hofmann degradation), an acid 

amide is treated with bromine in alkaline solution or with sodium hypochlorite. The 

product is a primary amine containing one carbon atom less thin the original amide: 
RCONIL + Br + 2 NaOH ——-—+ RNID, -+ CO. + 2 NaBr + ILO 

The method is most satisfactory for ihe preparation of lower amines (CCa), since the 

yields deereage with inereasing molceular weight. 

The rearrangement of acid azides (Curtius degradation) by thermal decomposition 
leads to primary amines containing one earbon atom less than the starling material, as 
in the case of the Hofmann degradation: 

RCON, ———> RNCO + N2 
acid azide isocyanate 
RNCO + 2 NaOll —~—> RNEp + NasUOs 


The reaction may be explosive. 

The hydrolysis of alkylphihalinides (Gabriel synthesis) provides a convenient 
method for the synthesis of pure primary amines, with no secondary or tertiary amines 
as by-products. The following equations illustrate the conversion: 


Nco won f NCO RX CO NaOH COONa 
NH -----» XAK -----» NR — + RND: 
CO CO CO COONa 
phthalimide potassium alkyIphthalimide 


phthalimide 

ines nini "OU ps, : as aimi tones aud ami itriles, can also be 
Amines containing other groups, such as amino ketones and amino nitriles, can also be 
prepared by this method. Modifications that make the method more convenient and 
improve the yields are the preparation of the alkylphthaliniide by beating phthalimide 
with the aliphatie halogen compound in the presence of dry potassium carbonate and 
the hydrolysis of the alkylphthalimide by means of hydrazine (NH,NH,). 

Alicyclie Amines 

Amines contuining at least one nonbenzcnoid cyclic lyydrocarbon skeleton re- 
semble aliphatic amines, for the most part. (See Table IIL) Primary saturated ali- 
eyelic amines, like primary aliphatic amines, undergo rearrangements with nitrous 
acid. The riug opens in the case of cyclopropylamine, and becomes cularged in the 
case of higher amines; 





CIl 
N HONO 
CUNIL ——— CILECEHCITOII 
CH, 
eycluprapylamine allyl alcohol 
TC-—_CT Πα(!-----Ο1], 
LC CHa ^ a 
΄ N TONO πιά N HÉ 
mÉ CIHCILNI Ee > CHOH + || OH 
^ usc TEC f 
T,C——UIl; X gi 
Hs CH, H3C——OII 





(cyelohexylmethyl) amine cycloheptanol cycloheptene 
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Amino derivatives of cyclohexane are best prepared by reduction of the corre- 
sponding aromatic amines, as of aniline (CeHsNH,) to cyelohexylamine (CgHiNHp). 


Aromatic Amines 


Physical and Chemical Properties. The aromatic amines are high-boiling oily 
liquids or crystalline solids, the liquids becoming dark-colored on exposure to light and 
air. The unsubstituted monoamines, except aniline, are only slightly soluble in water, 
but the diamines are more soluble; all are soluble in organic solvents. (See Table IV.) 
The simplest aromatic diamines, o-, m-, and p-phenylenediamines, NHsCgHiNHe, are 
colorless crystalline solids, which turn brown in air (sec Table V). 

Reactions. These may be conveniently classified as reactions of the amino group 
or of the aromatic nucleus. 

Many of the reactions of the amino group in aromatic amines are like those already 
described for the aliphatic amines (see “Reactions,” p. 708). These include acylation, 
alkylation, and dealkylation (see also Derivatives" under Aniline), isocyanide forma- 
tion, and reaction with carbonyl compounds. Divergent behavior is exhibited by 
aromatic amines in the following reactions. 

Primary aromatic amines, when treated with nitrous acid and mineral acid at 0- 
10°C., yield diazonium salts (sce Azo dyes; Diazo compounds). ‘These salts are very 
reactive and therefore useful in syntheses. 


ArNYL + HONO + HCl——~ AYN, Cl 4 2 11,0 
Secondary amines similarly treated produce nitrosamines, sualogous to those from 
aliphatic secondary amines. 
ArNHR 4- IIONO —— ——5 ArN(NO)R 4- IlO 


Tertiary mixed aromatic-aliphatic amines with nitrous acid undergo nuclear substitu- 
lion (nitrosation) in the para position. 


NR: NR, 
7 HONO —— 9 + ILO 


NO 


Carbon disulfide reacts with primary aromatic amines to give dithiocarbamates, 
much as their aliphatic counterparts do, but the addition of aqueous ammonia or a 
metallic hydroxide is required to promote the reaction. 


2 ANH + OS: SEON, ΑΥΝΗΟΒΘΝΗ»ΑΣ 
In ile presence of alcoholic ammonia, tho ammonium dithiocarbamates are formed; 
these can be converted to the aryl isothiocyanates or mustard oils (ArNCS8) (see 
Cyanides) by adding lead nitrate solution. However, if the primary amines are 
heated with carbon disulfide, the products are symmetrical diarylthiourcas, which are 
well-known accelerators for rubber vuleanization. 


2 ArNIL, 4 C8; ————. (ArNID&IOS + HS 


These diarylthioureas on boiling with strong acids yield chiefly the isothiocyanates. 
In general, the primary and secondary aromatic amines are much more sensitive 
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to oxidation than the aliphatie amines, and they yield a great variety of products (see 
Aniline). It is this sensitivity that causes pure colorless aromatic amines to become 
deeply colored on storage in the presence of air. The basic amine oxides, Ar;NO, are 
most readily obtained by oxidizing tertiary amines with perbenzoie acid, CaHsCO- 
(09H. 

AM of the usual substitutions in an aromatic nucleus and a few less familiar ones 
are possible for aromatic amines. Many of the substituted amines are important dye 
intermediates. The amino group both facilitates further substitution and directs its 
course to the para and ortho positions; in strong acid solution, however, meta substi- 
tution takes place. The amino group may also take part in some of the reactions in- 
volving the aromatic nucleus. Hence it is advisable to use acyl derivatives of amines in 
many substitution reactions to prolect the amine group, as from oxidation, or to con- 
trol the extcut of substitution. The acetyl group is the acyl usually used, and it can be 
easily removed when desired by hydrolysis with a mineral acid or base. Thus in the 
nitration of aniline there is danger of oxidizing the amino group, so it is best to nitrate 
acetanilide and remove the acetyl group. However, in the nitration of methyl- and 
dimethylaniline to the explosive tetryl (N-methyl-N,2,4,6-tetranitroaniline, sym- 
trintrophenylmethylnitramine, 2,4,6-(NO2)sCsHeN(CH3)NO), oxidation is desired, 
with replacement of hydrogen or methyl by nitro on the nitrogen atom; dimethyl- 
aniline ig used commercially beeause it is cheaper than methylaniline. Halogens in 
aqueous solution convert aniline to sym-trihalogenated anilines: 


CH NIT: + 3 N4 ———— 2,4,0-Xa3CcEI2N Ha + 3 HX 


With acetanilide, however, good yields of the monohalo derivatives can be ob- 
tained. N-Chloroamines can be prepared by the action of hypochlorous acid on 
amines. Aromatic amines can be sulfonated by heating with sulfurie acid; for ex- 
ample, aniline (¢g.v.) gives sulfanilic acid: 


. 180-100°C. . 
ΟΝ, + SO; -d p-NESCSHASOSH. + TLO 


The substitution reaction most characteristic of aromatic amines (primary, 
secondary, and especially tertiary) is their ready coupling with diazonium compounds 
to yield azo dyes. Substitution usually occurs in the para position unless that is occu- 
pied, wheu au ortho position may be taken (sce Azo dyes; Diazonium compounds). 


ΑΝ. + < XNRR' ———— ArN=N< ὙΝΕΠ’ + HCl 


Most prinary and many secondary aromatic amines react with diazonium com- 
pounds to give diazoamino compounds (characterized by the grouping —N--N— 
NH-—), which are converted under the influence of acid catalysts to amino azo com- 
pounds (para by preference). Less common but still useful substitution reactions 
of aromatie amines are mercuration, by heating with a mereuri¢ salt, and arsonation 
(introduction of the —AsOs;H, group) by heating with arsenie acid. 

Of the three types of aromatic diamines (ortho, meta, and para) with both amino 
groups attached to one nucleus, only the ortho diamines undergo ring closure to hetero- 
cyclic compounds. For example, they condense very readily with a-diketones to yield 
quinoxalines, and this reaction ean be used to identify ortho diamines; 
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NH, O==CR ^N in Son | 
| | + |; ——> +2 11,0 
NH, ^ O-—CR " yc 


substituted 
quinoxaline 


Similarly, with nitrous acid, ortho diamines yield 1,2,3-benzotriazoles, rather than diazo 


compounds: 
“YN He 
+ ΠΟΝΟ -----5» 
ΝΗ, 4 


1,2,3-bengotriazole 


Meta diamines under the usual diazotization conditions form :uninoazo dyes (Bis- 
marck brown or Manchester brown, the first azo dye (1866), from m-phemylenedi- 
amine) (see also Phenylenediamines); para diamines are diagzotized like primary 
aromatic monoamines. Ortho and para diamines are further distinguished from meta 
diamines by their reactions with oxidizing agents. Some of the oxidation products 
of ortho diamines result from ring closure, whereas quinones are formed from para 
diamines by the action of many oxidizing agents. Vor some aromatic diamines with 
amino groups attached to different benzene nuclei, sce Beuzidine. 

Occurrence. The simplest aromutic amine, aniline (q.v.), was discovered among 
the products of pyrolysis of indigo (Unverdorben 1826) and soon afterwards isolated 
from voal tar (Runge 1834). Aromatic amines occur very rarely in natural sources, 
but most of them can be prepared very readily. 

Preparation. Most of the procedures employed for synthesis of aliphatic amines 
may be used also for the preparation of aromatic amines (sce “Aliphatic amines,” p. 
705; Ammonolysis; Aniline). However, the most important method, both in industry 
and in the laboratory, is the reduction of aromatic nitro compounds (sce Amination by 
reduction). 

The nitro group attached to an aromatic nueleus can be readily reduced to a 
primary amino group. The reduction may be effected by a variety of reagents such as: 
iron and water with hydrochloric acid as catalyst (Béchamp’s reaction, the industrial 
method), hydrogen and a catalyst, and tin and hydrochloric acid. 

ArNQ, + 8 H4 ————5 ArN Us + 2 ILO 


The ease of reduction is dependent upon the other substituents, if amy, in the aromatic 
nucleus. Polynitro compounds may be completely reduced to polyamines, or partially 
reduced to nitro amines, in the latter case usually by alkali metal sulfides. 

The replacement of a hydroxyl group attached to an aromatic nucleus (see 
Phenols) by an amino group may be accomplished by treating the compound with a 
solution of ammonium sulfite and ammonia at 150—180 ?C. under pressure. In general, 
the reaction is of limited usefulness for compounds of the benzene series, but is of con- 
siderable importance for the preparation of naphthylamines (q.v.). The reaction was 
develaped by Bucherer and is used for the commercial production of 8-naphthylamine. 


OH (NHa)s8Oa SN Hy 
+ NIB ——————— T 1,0 
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The reaction is reversible:  f-naphthylamine can be hydrotyzed to B-naphthol hy 
heating with sodium bisulfite solution, adding alkali, and boiling to drive off ammonia, 

Sulfonic acid groups can also he replaced by amino groups in some cages, as in the 
preparation of 2-aminoanthraquinone from 2-anthraquinonesulfonie acid. (See 
Anthraquinone derivatives.) 

Halogen atoms on an aromatic nucleus are in general much less readily replaced 
than those in aliphatic halides. The reaction is usually carried out in the liquid or 
vapor phase over inetallic catalysts at high teniperatures and pressures. 

ArCI -- NH, —— —— ArNTEE + HCI 


N-Substituted amines ean be prepared by alkylation of primary aromatic amines 
with alkyl halides. Mixtures ol secondary and tertiary amines and quaternary am- 
monium compounds are formed, as in the alkylation of ammonia (see p. 710). 

ANIG + RX ——> ArNILRX 
ANIR + RX ———— ANURA 
ArNRs 4- RX — —9 ArNISX 
Instead of alkyl halides the corresponding aleohols &nd hydrochlorie or sulfuric acid 
are heated with aniline under pressure in the usunal industrial preparation of its N- 
methyl and N-ethyl derivatives (see “Derivatives” under Aniline). 

N-Substituted aromatic amines can also be prepared hy reduction of a mixture of 
a primary amine and an aldehyde, or of the corresponding Schiff base (q.v.) or anil 
(q.v.), which is assumed to he fornied as intermediate: 

ArN==CHR + Il; ———> ANHCELR 
Schiff base 
(R = an aryl or alkyl group.) 
The reduction may be carried out catalytically, electrolytically, with zine dust, or with 
sodium in alcohol. 


Heterocyclic Amines 


Amines characterized hy the presence of one or more heteroeyelic rings and amino 
groups resemhle aromatic amines in many respects (see Table VI). For compounds 
containing nitrogen in the ring and considered by some to be amines, see Heterocyclic 
compounds; Pyridine; Quinoline; ete. 

Bibliography 
(1) Sidgwick, N. V., The Organie Chemistry af Nitrogen, Oxford Univ. Press, London, 1942. 
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AMINO ACIDS AND THEIR SALTS 


The term “amino acids” in the broadest sense covers all. acids containing an amino 
(NH) or substituted-amino group, but it is usually restricted, as here, to the biologi- 
cally important amino derivatives of carboxylic acids (see Table I). These acids are 
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mostly a-amino acids, of the genoral formula RCH(NH3)COOH; in two of them (pro- 
line and hydroxyproline) the only nitrogen present is part of the pyrrolidine ring, in the 
alpha position with respect to the carboxyl group. The amino acids are the building 
blocks of proteins (g.v.) through the intermediate formation of peptides, containing 
amide linkages, from two or more amino acid molecules with the loss of water: 


RCHI(NEL)COOH + R’CH(NEL) COOH ———» RCH(NTI) CONHCHR’/COOIT -+ HO 
dipeptide 


Tripeptides, polypeptides, and finally proteins are similarly formed. 

The biologically important amino acids determine in large measure the physiologi- 
cal activity of plants and animals (sce Table I), The amino acids presentin different 
types and proportions in the proteins of the protoplasm provide the chemical groups 
responsible for the activity of thyroid and pancreas hormones, proteolytic- and oxida- 
tive-enzyme systems, antigens, and other substances characteristic of living materials. 
Food amino acids must be supplied constantly for the renewal of the proteins aud the 
maintenance of the metabolic functions of the auhnal body. All of the food amino 
acids may be necessary for optimal physiological performance, Dut only ten amino 
acids (see Table II) are indispensable for growth of the rat according to the experi- 
ments of Rose and co-workers (14). Some of the amino acids required for the growth 
of the mouse and the chick, and for the maintenance of nitrogen balance in the human, 
have been established by Rose; Berg, Holt, Almquist, and their collaborators The 
observations of Osborne and Mendel, MeCollum, and later investigators that eggs, 
milk, meat, fish, and other animal products have higher biological value than nuts, 
seeds, and cereal grains are explained by the lower proportions of the more essential 
amino acids in the latter foods. The approximate percentages of Rose’s “growth- 
essential" amino acids in the proteins of representative foods are given in Table IT. 


TABLE IL. “Essential Amino Acids” in Proteins. 
































Ainino acid, % is 
Amino acid ] mE | Yeast { ΤΕ 
Whole Skim Fish Soybean (purine- Corn Whole Gelatin 
θε milk muscle free) perm wheat 

Arginine 5.7 3.0 5.8 6.9 9.0 5.6 δε 7.6 
Histidine 2.4 | 27 2.5 2.9 3.8 3.0 2.6 1.0 
Isoleucine 6.7 7.5 5.8 7.0 3.8 3.8 4.1 13 
Leucine 9.2 10.2 8.8 8.1 5.1 τι 6.4 3.7 
Lysine .8 8.7 8.6 7.5 9.0 5.3 2.7 4.8 
Methionine 3.1 9.8 9.9 1.1 0.8 L5. | L8 0.8 
Phenylalanine 5.4 5.1 3.9 5.2 2.3. 8.8 4.2 2.0 
Threonine 5.8 4.6 3.4 3.3 4.1 4.5 | 8.8 1.5 
Tryptophan 1.6 1.6 1.1 1.6 l4 0,6 1.0 0.0 
Valine τι 74 6.7 5.6 4.8 5.3 3.6 2.5 
Tolal 53.8 53.1 49.5 49.2 44.0 40.0 32.5 25.1 











* The underlined values are low as compared to those in egg protein. 


Certain amino acids and mixtures of amino acids prepared by the hydrolysis of 
. proteins have been found effective, when taken by mouth or given intravenously, for 
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the alleviation of. hypoproteinemia, liver damage, gastrointestinal ulcers, muscular 
weakness, and other pathological conditions. Recognition of the clinical as well as the 
nutritional valuc of amino acids has led to increased interest in the manufacture of 
amino acids and mixtures of amino acids for therapeutic purposes (see also Protein. 
hydrolyzates; Proteins). 


Nomenclature 


Because of conflicting systems of indicating optical rotation and configurational 
relationships, sone rules were approved in 1947 by the Committce on Nomenclature, 
Spelling, aud Pronunciation of the American Chemical Society (5). In place of the 
ambiguous d and /, used by some authors to indicate rotation, and by others, con- 
figurational relationships, bD and L are to be used to show the configuration of the 
groups around the asymmetric a-carbon atom, in a similar manner as with carbo- 
hydrates (q.v.). Naturally occurring amino acids are usually of the n type, while those 


COOH oe H 
ub Hs NH:CH 
| 
R R 
D L 


prepared by synthesis are pu, that is, mixtures of the D and t forms. The use of 
dextro- and levo- or of (4-)- and (—)- to indicate rotation (preferably of the free acid in 
water) is not necessary unless the configurational relationship of the a-carbon atom 
has not been established. 


Properties 


Extensive data are available on the absorption spectra, ion activities, thermal 
and electrical capacities, solubilities, nnd other physical properties of amino acids and 
amino acid solutions. The amino acids exist in the crystalline state and in solution 
almost, entirely as dipolar ions, *NIL.CHR.COO-^, called awitterions. As a consc- 
quence of the strong forces binding zwitterions in crystals, amino acids melt and de- 
compose simultancously at relatively high temperatures (above 200°C. and, in some 
cases, above 800°C), The ionization constants vary from about 1.8 (histidine) to 2.6 
(phenylalanine) for pK, 2.1 (cystine) to 10.6 (proline) for pK, 7.8 (diiodotyrosine) to 
12.5 (arginine) for pI<s, and 10.3 (cystine) for pKa, calculated on the basis of the acidic 
formulation of ionic equilibriums. The pit values usually increase with increasing 
concentration of ethyl alcohol or formaldehyde in the solution. The isoelectric points 
‘(pH values at which the zwitterion concentration is maximum) vary from 3.0 (aspartic 
acid) to 10.8 (arginine). For densities and solubilities, see Table I. There is a pro- 
gressive decrease of solubility in water and increase of solubility in aqueous ethyl 
alcohol solutions (relative to that in water) with increase in CH groups in the molecule. 
The specific rotations of the amino acids vary with the solvent, the pH, the ionic 
strength of the solution, the temperature, and the wave length of the incident light. 
The specifie rotations of a givén amino acid in water, acid, and base may be negative 
(hydroxyproline), positive (glutamic acid), or either negative or positive (cysteine, 
serine, histidine, leucine, mcthionine, and tryptophan). The specific rotation (— 215°) 
of L-cystine in 1 N hydrochloric acid is the largest, and that (—1.7°) of L-aspartic acid 
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in 3 N sodium hydroxide is the smallest (numerical values observed at 25° with sodium 
light, 5893 Λ.). 


Isolation and Synthesis 


Cystine was isolated by Wollaston in 1810 from a urinary calculus, and threonine 
was isolated by Rose et al. in 1935 from the blood protein fibrin. During the interven- 
ing 125 years, the other amino acids were isolated from blood, milk, urine, silk, wool, 
animal organs, fish sperm, seeds, sprouts, and other plant and animal sources by Lie- 
big, Ritthausen, Schulze, Kossel, Fischer, Hopkins, Ehrlich, Kendall, Mueller, and 
other workers. Free amino acids oceur to a limited extent, but amino acids exist 
largely in combined form as amides (glutamine and asparagine) and as complex 
chains of peptides (proteins). In order to isolate au amino acid from a protein it is 
necessary to (1) hydrolyze the protein by treating it under appropriate conditions with 
an acid, base, or enzyme, and (2) separate it from other amino acids in the hydrolyzate, 
usually by fractional, distillation or crystallization, electrodialysis, selective adsorp- 
tion, or ion exchange. Cystine, leucine, and tyrosine are readily isolated by crystal- 
lizing the free amino acids, while the other amino acids are separated more conve- 
niently as the hydrochlorides, ester hydrochlorides, calcium salts, mereury complexes, 
pierates, or other types of derivatives or salts. 

The principal reactions employed for the synthesis of the anino acids are: (1) 
amination of e-halo, e-keto, unsaturated, a-bromo-g-methoxy, and e,8-dibromo 
acids; (2) reduction of pyrrole derivatives, a-oximino acids, and the hydrazones of a- 
keto acids; (8) fission of piperidines, piperidones, and cycloketodximes; (4) hydrolysis 
of amino cyanohydrins, hydantoins, diketopiperazines, benzoylaminoaerylie acid 
laetamides, nnd derivatives of malonie, phthalimidomalonie, benzoylaminomalonic, 
and acetylaminomalonic esters; (6) addition of enol malonates to «,g-unsaturated 
acids; (6) replacement of the distal carboxyl group in an a-amino diearboxylie aeid by 
an amino group; (7) degradation of malonic acid hydrazides; (8) oxidation of benzoyl- 
amino alcohols; and (9) racemization of optically active amino acids by heating them 
with mineral acids, bases, acetic anhydride, or ketene. 


Analysis 


Very many methods, colorimetric, gravimetric, gasometric, titrimetric, solubility 
product, isotope dilution, and microbiological assay, have been employed for the 
quantitative determination of amino acids in protein hydrolyzates and physiological 
fluids, and only a brief account can be given here. Colorimetric reagents and pro- 
cedures for the determination of total, and nearly all of the individual, amino acids 
have been described by Block and Bolling (8). Salts employed for the gravimetric 
determination of amino acids include glutamic acid hydrochloride; arginine diflavia- 
nate; histidine nitranilate and 3,4-dichlorobenzenesulfonate; lysine nitranilate and 
picrate; glycine carbamate, uitranilate, and trioxalatochromate; proline rhodanilate 
and reineckate; hydroxyproline reineckate; and the copper salt of aspartic acid. The 
solubility-product principle has been applied by Bergmann and Stein to the deter- 
mination of amino acids with aromatic sulfonic acids. Even though amino acids are 
not precipitated selectively or completely, quantitative results are attainable. Amino 
acids may be determined with high accuracy by the isotope-dilution procedure of 
Rittenberg and Foster. A known amount of an isotopically labeled amino acid is 
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added to à mixture of amino acids, a sample of the amino acid is isolated and purified, 
and the percentage of isotopic element (N™ or H2) in the purified sample is determined. 
It is assumed that the percentage of isotopic clement in the sample is quantitatively 
proportional to the total amount of the amino acid in the mixture. Methods for the 
determination of amino acids by microbiological assay with Leuconostoe mesenteroides, 
Streptococcus faccalis (lactis R), and Lactobacillus arabinosus, L. casei, L. delbriieckiz, 
and L. fermenti have been developed since 1943, particularly in the laboratories of 
Snell, Lyman, Stokes, and Dunn. It appears probabile that microbiological procedures 
for the accurate determination of nearly all of the amino acids in proteins, foods, blood, 
and urine will become available iu the near future. Total amino acids have been 
determined by (/) volumetric, nanometric, or titrimetric measurement of nitrogen, 
carbon dioxide, aud ammonia, liberated by reaction with nitrous acid or ninhydrin, and 
(2) electrotitration with standard base in the presence of formaldehyde or with per- 
chloric, sulfuric, or hydrabromic acid, in the presence of glacial aectie acid. 


Metabolism, Sources, and Uses 


Alanine takes part in transamination reactions (transfer of an amino group from 
an a-amino acid to au a-keto acid) and it replaces pyridoxine for the growth of Strepto- 
coccus faecalis. pu-Alanine is synthesized by the amination of a-bromopropionic acid, 
the reaction of acetaldehyde with ammonia and hydroeyanie acid, and the oxidation 
and hydrolysis of 2-benzoylamino-l-propanol. -Alanine is most conveniently pre- 
pared by the action of kidney n-amino acid oxidase, on nr-alanine. 

@-Alanine is present in muscle in combined form as the peptides carnosine (p- 
alanyllistidine) and anserine (8-alanyl-.N-methylhistidine). About 2500 pounds of 8- 
alanine is manufactured monthly in the U.S. for use in the synthesis of the B-complex 
vitamin pantothenic acid (a, y-dilyydroxy-8,8-dimethylbutyryl-g-alanide). Numerous 
patents have been issued for (1) the synthesis of pi-pantothenic acid and its salts (21, 
31,35,39,43,45,47,50,58,56,58), (2) the syuthesis of g-alanine from. cyanoacetie aeid, 
acrylonitrile, acrylic acid, ethylene cyanohydrin, and succinimide (27,28,29,32,36,37, 
42,51,52,54,55), (3) the resolution of nr-pantothenie acid (25,44,49), (4) the synthesis 
and resolution of nr-a-hydroxy-8,8-dimethyl-y-butyrolactone (46,57,50), and (5) the 
asymmetric synthesis of D- and L-pantothenie acids (30,38,40,41,48). 

Arginine therapy for idiopathic hypospermia has been suggested by Holt and 
Albanese, who found that complete disorganization of rat testis occurred within two 
months on an arginine-deficient diet (7,8). t-Arginine is isolated as the flavianate 
(2,4-dinitro-1-naphthol-7-sulfonate) from gelatin, blood corpuscles, and fish gonads. 
The stable base is readily prepared, but only the monohydrochloride is available com- 
mercially, 

Asparagine is an essential nutrient for the growth of lactobacilli in the assay of 
vitamins and amino acids and for the mass cultivation of Mycobacterium tuberculosis in 
the commercial preparation of tuberculin. Natural asparagine (f-amide of L- 
aspartic acid monohydrate) is isolated from the etiolated seedlings of the lupin 
(Lupinus albus and L. angustifolius), the hean, aud other plants grown for 10-30 days 
in the dark. Dt-Asparagine is synthesized from ammonia and maleic anhydride. 

Aspartic acid is employed in bacteriological mediums. r-Aspartie acid is pre- 
pared by the acid hydrolysis of natural asparagine. pL-Aspartic acid is synthesized 
from aleoholie ammonia and diethyl fumarate or maleic anhydride. ' 
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Cystine is an essential component of mediums utilized for the growth of Coryne- 
bacterium diphlweriae ii the commereial production of diphtherie toxin. Tt has been re- 
ported that laetation and growth of hair are stimulated by cystine taken orally and 
that there is a dearraugement of cystine metabolism in arthritis and renal rickets. In 
cystinuria, a rare metabolic disorder, relatively large amounts of cystine are secreted 
in the urine. s-Cystine is isolated from human and pig hair. The yield of pure 
product is only about 5%, even though hair contains as much as 15% eystine according 
to colorimetric analysis. Cystine, which is a disulfide, i5 readily reduced to cysteine, 
B-mercaptoalanine, HSCH,CH (NH) COON. 

Glutamic acid is required for the growth of lactobacilli, and an autoclaved mixture 
of this acid and asparagine replaces nicotinamide in promoting growth of Bacterium 
dysenteriae and other organisms. Glutamic acid hastens cell differentiation, stimulates 
the learning process of rats, takes part in transamination reactions, aud may be bene- 
ficial in the treatment of petit mal and psychomotor scivures. The therapeutic valve 
of calcium glutamate as a caleium source and of glutamic acid hydrochloride for the 
treatment of hypochlorhydria hus been reported. Folie acid (gv), one of the B vita- 
mins, is a derivative of glutamic acid (see also Anécanemia preparations). The mono- 
sodium salt of glutamic acid has a unique, meatlike flavor perceptible in 3000 parts of 
water. At the present time more than 4,000,000 lb. is manufactured annually for use 
as a flavoring material. The imports, largely from Japan and China, were about 
660,000 Ib. in 1940. The principal sources of t-glutamic acid are wheat gluten and 
sugar-beet waste. Glutamic acid is isolated, usually as the hydrochloride, in yields 
averaging about 25% from acid hydrolyzates of wheat gluten. Some samples of wheat 
gluten contain as much as 40% of glutamic acid. Glutamic acid, as well as the by- 
products potassium chloride and betaine, is isolated from the waste water of the 
Steffen’s house obtained in the manufacture of sucrose from sugar beets. In this proc- 
ess the Steffen’s waste water, sp.gr. about 1.05 und glutamic acid content about 
0.1%, is evaporated to a solution of about 1.4 sp.er. and 1 to 6% glutamic acid. The 
first patent (18) describing the isolation of glutamic acid was issued to Ikeda and 
Suzuki in 1912 and the latest (83) to Watersin 1945. More than 100 patents have been 
issued by nine countries, including 62 by the United States, 24 by England, 11 by Ger- 
many, 8 by France, and 4 by Japan. vr-Glutamie acid is synthesized from methyl 
acrylate and phthalimidomalonatoe. 

Glutamine, along with asparagine in varying ratios, is widespread in plants, espe- 
cially seedlings. Itis the y-amide of glutamic acid (2a). 

Glycine is essential for the growth of the chick but not other animals that have 
been studied. It appears to be physiologically significant in (Z) the synthesis of gluta- 
thionine, blood proteins, liver glycogen, and muscle creatine; and (2) the detoxication 
of benzoic acid, guanidine, histamine, toluene, and other substances, Glycine therapy 
has been advocated in pseudohypertropie muscular dystrophy, myasthenia gravis, and 
gencral muscular fatigue although there have been adverse reporta of its effectiveness 
for these purposes. The use of basic aluminum glycinate (aluminum diliydroxyamino- 
acetate) for the treatment of hyperacidity and gastric ulcer (sec Antacids, gastric) and 
of the lauryl and other esters of p-toluenesulfonylglycine (23) as emulsifying and dis- 
persing agents in mineral flotation has been suggested. Quantities of glycine as large 
as 100,000 Ib. have been manufactured annually in the U.S. from chloroucetie acid and 
ammonia. 
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Histidine is not required to maintain nitrogen balance in humans but it appears 
to be a factor in (/) hematopoiesis, (2) the histidinuria of pregnancy, and (3) the 
formation of urea, allantoin, uvocanic acid, and other metabolites. Histidine exeretion 
appears to be controlled by the opposing action of histaminase and histidine de- 
earboxylases. Histidine therapy has been employed in allergie disorders, cardio- 
vaseular disturbances, and gastrointestinal uleer. It las been reported that intra- 
muscular injections, daily for 30 days, of 5 ml. of an aqueous 492 solution of r- 
histidine monohydrochloride relieve pain, nausea, and digestive disturbances, and 
effect remission of clinical symptoms of peptic ulcer. Carnosine (A-alanylhistidine) 
and anserine (g-alanyl- N-methylhistidine) are constituents of musele. r-Histidine 
is isolated as the dihydrochloride, the monohydrochloride, and the free base from 
blood corpuscles. pi-Histidine is prepared by (7) racemiszing r-histidine with a. 
mixture of acetic acid and acetic anhydride, (2) by autoclaving with water at 6-8 kg. 
pressure (7), and (8) by synthesis from cane sugar through the intermediate product 
formed from 4-(chloromethyl) imidazole and ethyl acetamidocyanoacetate (ethyl ester 
of N-acetyl-a-cyanoglycine), 

Lysine is not synthesized ¿n vive from its analogs, other amino acids, or simpler 
substances. t-Lysine has been reported to he an antianemic agent for the rat and 
an essential growth factor for the chick. -Lysine is excreted unchanged. Nausea, 
dizziness, hyperacidity, suppression ol the estrous cycle, negative nitrogen balance, in- 
creased excretion of nonketonie organie acid, vascularization of the cornea, develop- 
ment (in virgin mice) of mammary gland tumors, and retarded growth oecur on Lysine- 
deficient dicts. Lysine appears to be the growth-limiting factor in heat-injured 
proteins. White flour consumed in the U.S. furnishes only about 40% of the daily 
human requirements for lysine (5.2 grams) according to Block and Bolling. Fortifica- 
tion of flour with iron and vitamins was practiced during World War II, but nutrition 
authorities and government, officials have opposed supplementation of foods with 
lysine or other amino acids. r-Lysine is isolated as tho picrate and the monohydro- 
chloride, usually from casein, fibrin, or blood corpuscles. pr-Lysine is synthesized 
from cyclohexanone through the intermediate cyclic oxime and ketimine and from a- 
pimelie acid by reaction with hydrazoie acid. 

Methionine is transformed in the body to cystine (through homocystine) and 
methyl groups. The latter are utilized for the synthesis of creatine, choline, snd phos- 
pholipides. Methionine therapy prevents and cures fatty livers, necrosis of the liver, 
and hemorrhage of the kidney. p-Methionine and the a-keto analog of methionine 
are effective in promoting creatine synthesis and growth, The hacteriostatic action of 
sulfadiazine is almost completely inhibited by methionine. It is of interest that cys- 
tine, but not methionine, is present in insulin. i-Mothionine has been isolated 
from casein in 1.5% yield. vi-Methionine is synthesized through the intermediates 
(2-methylmercaptoethyl) malonate, aminonitrile of @-methylmercaptopropionalde- 
hyde, ethyl i-methylthiol-3-phthalimidopropane-3,3-dicarboxylute, ethyl e-benzau- 
mido-y-chlorobutyrate, 3,6-bis(f-isothiouronitunethyT)-2,5-diketopiperazine (3,6-bis- 
([2-(guanylmercapto) ethyl ]-2,5-piperazincdione), ethyl ^ a-acctamido-«-cyano- y- 
methylmercaptobutyrate, and (2-melhylmercaptocthylphthalimido)malonate, The 
output of pr-methionine in the U.S. is constantly inereaging. 

| Phenylalanine is converted to tyrosine in the body but the reverse process does 
not oceur. EHomogentisic acid (2,5-dihydroxyphenylacetic acid), formed from phenyl- 
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alanine and from tyrosine, is believed to be the source of the black urinary pigment ex- 
ereted in the disease known as alkaptonuria. Dietary thiamine and ascorbic acid ap- 
pear to be associated with the excretion of phenylpyruvie acid in phenylpyruvic oligo- 
phrenia, a disease of mentally deficient persons.  v-Pheuylalanine is utilized poorly, 
if at all, by man. Reduction in hemoglobin and plasma proteins and atrophy of the 
thymus and other organs oceur on diets deficient in phenylalanine. r-Phenyl- 
alanine has been isolated from lactalbumin, zein, fibrin, und hemoglobin. »r-Phenyl- 
alanine is synthesized through the following intermediates: the aglactone of a-ben- 
zamidoeinnamie acid, a-oximido-8-phenylpropionie acid, benzalhydantoin, 3,6-di- 
benzal-2,5-diketopiperazine, aud the phenylhydrazone of phenylpyruvic acid. 

Serine is not à "growth-essential" amino acid, although dietary serine is con- 
verted ta body cystine and is incorporated into phospholipides. — Tt has been sug- 
gosted that kidney eocarboxylase is associated with renal injury following the adminis- 
tration of pi-serine and that tryptophan is synthesized from serine and indole by 
neurospora. r-Serine is isolated from silk. DrL-Berine is synthesized from tho 
intermediates a-amino-g-ethoxypropionitrile, a-bromo-fg-amelhoxypropionale, e,8- 
dibromopropionate, and methoxymethylphthalimidomalonate. 

Thyroxine, together with ditodotyrosine, occurs in the red-staining material of the 
thyroid gland, which is presumably the thyroid hormone. Tudemic goiter, cretinism, 
and myxedema result from bypothyroidism, and exophthalmic goiter (Graveg disease) 
from hyperthyroidism. Thyroxine is synthesized in vivo from tyrosine through 
the intermediate 3,5-diiodolyrosine. L-"Phyroxiue has been isolated from thyroid 
glands, thyreoglobulin, ànd iodinated serum albumin and other iodinated proteins 
(19) in yields varying from 0.05 to 0.8%. pz Thyroxine has been synthesized through 
the intermediate azlaetone of e-benzamido-3,5-diiodo-4- (4^ -moetlioxyphenoxy)ein- 
namie acid. The formation of thyroid hormone is blocked by thiouracil and its alkyl 
derivatives, and favorable results have been reported in the treatment of thyrotoxicosis 
with these substances. Protomone (24), a synthetic thyroprotein, increased the butter 
fat in the milk of dairy cows, but the hormone was not transferred to the milk (see also 
Hormones). 

Tryptophan is an indispensahle growth amino acid although the natural form may 
be replaced by 3-indolepyruvic acid, 3-indolelactie acid, p-tryptophan, and abrine 
(N-methyltryptophan) (see Alkaloids), Abnormal metabolites of tryptophan ex- 
ereted in the urine, especially on pyridoxine-deficient diets, include kynurenine, kyn- 
urenie acid, and xanthurenie acid. r-Tryptophan is isolated [rom casein, fibrin, 
lactalbumin, and silk fibroin in yields up to 296. npr-Tryptophan is synthesized 
through the following intermediates: the azlactone of e-benzamido-1-acetyl-3-iudole- 
acrylic acid, indolalhydantoin, and the condensation product formed from 3-(dimethyl- 
aminomethyl)indole (gramine) methiodide and acetamidomalonate or acetamicdo- 
eyanoacetate. 

Tyrosine is a “nonessential-growtl” amino acid, although, according to recent 
reports, it produces immunity to diphtheria toxin and is incorporated into antibody 
proteins. The excretion of homogentisic acid and (p-hydroxyphenyl)pyruvie acid on 
diets deficient in vitamin © is increased by feeding tyrosine. Melanin, a brown pig- 
ment present in skin and hair and formed on the surface ol freshly cut apples and 
potatoes, is produced by the action of tyrosinase on tyrosine. Dopa (3,4-dihydroxy- 
phenylalanine), present in beans and other planis, may he a precursor of melanin. The 
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use of tyrosine and its esters as stabilizers of butter fat has been suggested (22). 1- 
Tyrosine is isolated in yields as high as 11% from casein, fibrin, human hair, corn (20), 
and silk fibroin. pL-DLyrosine is synthesized through the intermediates a-benzam- 
ido-p-methoxyeinnagae, anisalhydantoin, anisylphthalimidomalonate, 3,6-dianisal- 
5-diketopiperazine, a-chloro-8-(p-mothoxyphenyl)propionitrile, (p-methoxyphenyl)- 
pyruvic acid phenylhydrazone, and 6-(p-methoxyphenyl)-a-oximidopropionate. 

Amino acid mixtures containing glycine, the pt~ forms of six “growth-cessential’”’ 
amino acids and the natural forms of four (arginine, histidine, Icucine, and lysine) 
“srowth-essential’’ amino acids are well tolerated by dogs that have undergone plasma- 
pheresis, as shown by Whipple, Madden, and their co-workers. Weight and nitrogen 
balance were maintained and plasma protein regeneration was as effective as that 
observed with most dietary proteins. Vomiting was induced by mixtures containing 
supplements of glutamic acid or aspartic acid, but not by mixtures coutaining supple- 
ments of other “nonessential” amino acids. Purified hydrolyzates of casein, lactal- 
bumin, and other proteius containing all (probably 19) of the common, naturally 
occurring amino acids have been given per os and intravenously to experimental ani- 
mals aud humaus. The toxic symptoms observed in a few of the thousands of human 
cages have been attributed to too rapid administration of the amino acid solution, too 
high a proportion of glutamic acid in the amino acid mixture , pyrogens in the distilled 
water used to prepare the solution, and allergies. The value of amino acid mixtures in 
infusion therapy for diseased states associated with deficient intake, faulty assimila- 
tion, or accelerated loss of nitrogen appears to have been definitely established. It has 
not been determined whether amino acid mixtures of different compositions are equally 
effective for the treatment of inanition, gastrointestinal discase, shock, burns, and other 
clinical disorders. An improved food made from cow-milk proteins and admixed 
sources of arginine, cystine, glycine, isoleucine, and tryptophan (34), and a polypep- 
tide-containing nutrient suitable for oral, rectal, or intravenous alimentation have been 
described (26). 
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AMINO ALCOHOLS 


Amino alcohols (hydroxy amines, aleamines, or alkanolamines) contain both the amino 
group and the hydroxyl group attached to different carbon atoms, usually adjacent 
carbon atoms, ‘The simplest and most important of the amino alcohols are the ethanol- 
amines (g.v.): monoethanolamine (2-aminoethanol, HOCH,CH;NH,; diethanol- 
amine (2,2’-iminodiethanol), (HOCHLCH»).NH; and triethanolamine, GIOCH.- 
CHe)3N. 

The simpler amino alcohols are viscous, high-boiling liquids, heavier than water, 
soluble in water and alcohol, and insoluble in benzene. The amino alcohols, being hbi- 
functional, exhibit properties characteristic of both alcohols (q.v.) and amines (q.0.). 
However, tlie properties of one group may be modified by the presence of the other iu 
the molecule, Vor example, amino alcohols are less readily dehydrated or esterified 
than unsubstituted alcohols, owing to the basic character of the amino group. 

Some methods of preparing amino alcohols follow: 
(1) Reaction of alkylene oxides with ammonia or amines. 
CH JT; -F NI; ——— HOCILECEHANH, 


v . 
.Q monoethanolamine 


The reaction proceeds further to give a mixture of mono-, di-, and triethanolamines. 
This is the industrial process for the manufacture of these compounds. 

(2) Reduetion of nitro alcohols (q.v.). 

(3) Reduction of amino aldehydes, ketones, and esters. 

(4) Reaction of halohydrins with ammonia or amines (see Chlorohydrins). 

Numerous amino alcohols in addition to the ethanolamines are used in the syn- 
thesis of soaps; emulsifying, wetting, and other surface-active agents; pharmacenti- 
cals; and dyes. Amino aleohols are also useful as mild alkalies, as in neutralizing 
acidic substances in clays aud oils and in removing and purifying acidic gases. 

Many alkaloids (¢.v.), such as ephedrine and cocaine, are amino alcohols or de~ 
rivatives of amino alcohals, and hence a large number of amino alcohols and their esters 
have been synthesized and tested pharmacologically. Cocaine is the benzoate of a 
tertiary-amino alcohol, and many of the cocaine substitutes are esters of dialkylamino 
alcohols. Procaine (Novoeain), for exumple, is the p-aminobenzoate of 2-diethyl- 
aminoethanol, NICSILCOOCH;CHSN(CSH;); it may be prepared from mono- 
ethanolamine. Certain other naturally occurring, physiologically active compounds, 
such as epinephrine (q.v.) (Adrenalin), (HO).CaH,CH(OH)CH,NHCHs, are also 
amino alcohols. Choline (g.v.), HOCHCHN(CH,;),0H, is a quaternary ammonium 
base derived from monoethanolamine. 

E. I. Becker anp E. F. LANDAU 


p-AMINOAZOBENZENE, NERC sHiN :NCsHs. See Azo dyes. 


p-AMINOBENZENESTIBONIC ACID, NTC,H4SbOsHs, — Sce Antimony prepara- 
tions. 


AMINOBENZOIC ACIDS, NH,C,H4COOH. See Acids, carboxylic; Benzoic acid. 
AMINONAPHTHALENES. | Sce Naphthylamines. 
AMINONAPHTHALENESULFONIC ACIDS, See Naphthylamines. 
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AMINO NAPHTHOLS AND AMINO NAPHTHOLSULFONIC ACIDS 


Of the fourteen possible monoamino naphthols (or hydroxy naphthyliunines), NHs- 
C4 EOH, thirteen are listed in Beilstein (1), the only one not included and not yet de- 
scribed in the literature being 3-amino-l-naphthol. Quite » munber of polyamino 
derivatives of the naphthols have been prepared and described in the literature. These, 
however, are not of any commercial importance. 

Unsubstituted amino naphthols find very little practical use oxeept in the dye 
field, and even here, they are not extremely important. On the other hand, certain of 
the sulfonated amino naphthols rate among the most important intermediates in the 
dye industry. 

Depending on their particular constitutions, they find diversified application. 
Due to a free, diazotizable amino growp, many are used as diazo components in the 
manufacture of azo dyes; for example, 1-amino-2-naphthol-4-sulfonic acid is the diazo 
component in Eriochrome Blue Black B (C.7. 201). Most. are excellent coupling com- 
ponents capable of coupling with & wide variety of diazo components; for example, 1- 
amino-5-naphthol-7-sulfonic acid (5-amino-I-naphthol-3-sulfonie acid) (1) is an ex- 
cellent coupling component, coupling taking place in the 6-position. Sore are capable 
of coupling once or twice; an example is 1-amino-8-naphtliol-4-sulfonie acid (8-amino- 
l-naphthol-5-sulfonie acid) (ID), whieh couples either once or twice in the 2- and 7- 
positions (once under mildly acidic conditions and twice m the alkaline state). 





OH NH: ΟΠ 
HO4S ——— —— ΝΠ, 
HOS, 
στ χα SOH 
(1) (IT) (ITI) 


Many are capable of use as coupling components and also, due £o their diazotizable 
amino group, are capable of acting as diazo components; for example, 2-amino-8-naph- 
thol-6-sulfonic acid (7-amino-1-naphthol-3-sulfonie acid) (ITT) is capable of coupling in 
either or both of two positions and also of acting as a diazo component, coupling with 
other azo components. 

Tn addition to their application in azo-dye chemistry, many of these compounds 
find use in the manufacture of other classes of dyes; for example, 1-amino-2-naphthol- 
6-sulfonic acid is used as an intermediate in the production of Alizarine Green G (CLI. 
017), an oxazine dye. 

The amino naphthols are prepared by means of several general reactions: (1) The 
corresponding naphthylaminesulfonic acid may be fused with strong alkali (sodium or 
potassium hydroxide) at high temperatures with or without pressure (see Alkaline 
fusion). (2) The corresponding azo, nitro, or nitroso naphthols may be reduced by 
means of iron and dilute acid (Béchamp reaction), sodium sulfide, zine and. acid, 
sodium hydrosulfite (Nas8O,), etc. 

The amino naphtholsulfonie acids are prepared by similar reactions: (7) Amino 
naphthols may be sulfonated to give sulfonic acids. (2) Nitro or nitroso naphthols 
may be treated with sodium bisulfite to obtain simultaneous reduction and aulfonation 
by the Piria reaction. (8) Naphthylaminedisulfonic acids may be partially fused with 
caustic soda or caustic potash to give amino naphtholsulfoni« acids. In this case. the a- 
sulfo groups are much more easily replaced by hydroxyl groups than aro the f-sulfo 
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groups. (4) The eorresponding azo, nitro, or nitroso naphtholsulfonie acids may be 
reduced to give the amines. (5) The Bucherer reaction is a very useful reversible reac- 
tion for the formation of naphthylamines from naphthols and also for the formation of 
naphthols from naphthylamines, This reaction can be used for both œ- and B-sub- 
stituents. In order to form naphthols, naphthylamines are treated with sulfites and 
then with caustic soda. In order to form naphthylamines, naphthols are treated with 
ammonium bisulfite under pressure. A sodium bisulfite product of the keto form 
is assumed to be the intermediate in each case. This often does not work when the 
naphthol has a sulfo group ortho or meta to the hydroxyl group, and when the 
naphthylamine has a sulfo group ortho to the amino group. A modification of the 
Bucherer reaction is the replacement of amino groups by arylamino groups by treat- 
ment with the corresponding arylamine in the presence of sodium. bisulfite under reflux 
or pressure, (8) The removal of a-sulfonic acid groups may be carried out by means of 
dilute acid at high temperature and pressure, concentrated acid (mainly sulfuric) at 
high temperature, or reduction with sodium amalgam, zinc and alkali, ete. 

The amino naplitholsulfonic acids generally react with acyl chlorides in a weakly 
aqueous alkaline or acidie medium to form the corresponding N-acyl derivatives. 
They also often react with phosgene in an alkaline medium to form the corresponding 
substituted nreas, These derivatives are often useful azo components. Considering 
the versatility of the amino naphtholsulfonie acids, it can readily be understood why 
compounds of this elass form sueh an important group of intermediates in dye chemis- 
try. 

The following includes the conmercially more important amino naphthols and 
amino naphtholsulfonic acids. 


Amino Naphthols 


1-Amino-2-naphthol (LV) is prepared by reduction of 1-nitroso-2-naphthol or of 
NH, the azo dyes formed by coupling diazotized arylamines with 8-naphthol 
“Sou (2-naphthol). Itis quite unstable to air and finds practically no com- 
mercial use. Ls ethyl ether, on the other hand, finds considerable use 
KA as a dye intermediate. It is used instead of 1-naphthylamine in sub 
αν) stantive dis- and trisazo dyes, changing the shade towards green. It 
forms prisms that are soluble in aleohol with a violet fluorescence. It is prepared by 
nitration of 2-naphthol ethyl ether and subsequent reduction. 


1-Amino-5-naphthel (5-amino-l-naphthol) (V) is prepared by alkali fusion of 1- 

NH, aminonaphthalene-5-sulfonie aeid (5-amino-l-uaphthalenesulfonie acid) 

at temperatures ranging from 220 to 250°C. On treatment with ferric 

chloride or potassium chlorate, it gives a black precipitate. Its am- 

moniaeal solution turns reddish violet on shaking with air. It has been 

oH used commercially as a coupling component in the manufacture of Lanacyl 
V) Blue BB (C.I. 210). | 


1-Amino-6-naphthol (5-amino-2-naphthol) (VI) can be prepared by similar caustie 

. NH, fusion of 1l-aminonaphthalene-6-sulfonic acid. It finds very little use 

in the dye industry but it has been uscd in the Jaboratory synthesis of 

o compounds containing the cyclopentaphenanthrene nucleus and a hy- 

HO drogy group in the 3-position, as in some of the sterols and sex hor- 

WD mones. It darkens in air and gives a violet-blue color with forrie 
chloride. | 
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l-Amino-7-naphthol (8-amino-2-naphthol) (VII) can also be prepared by a 
wg, Similar caustic fusion of l-aminonaphthalene-7-sulfonie acid, It may 
HO be sublimed, is soluble in hot water and alcohol, aud gives a greenish- 
X blue color with ferrie chloride. It is used to a minor extent in the for- 
mation of azo dyes. 
(VII) 


e (7-amino-2-naphthol) (VITD) can be prepared by caustie fu- 
sion of 2-aminonaphthalene-7-sulfouie acid. Tt forms needles that are 
Ho Bii le difficultly soluble in water, but easily soluble in alcohol. It is used to 
a small extent for the preparation of azo dyes. 
fn 
A tabular summary of the known amino naphlithols and. their meltiug points to- 


gether with the melting points of their ethyl ethers and N-acetyl derivatives is shown 
in Table I. 


TABLE I, Melting Points of Amino Naphthols and Their Derivatives. 








Amino naphthol M.p., *C. πι η C Mn; of Naoiy 
2-Amino-l-naphthol — 48 4t) 128-120 
4-Amino-1-naphthol -- 96 187 
5-Amino-1-naphthol 102 -— — 
6-Amino-1-naphthol — — 100 
T-Amino-1-uaphthol 158 - 210-211 
8-Amino-1-naphthol 905-07 —- 181 (160) 
i-Amino-2-naphthol -- 51 235 
3-Amino-2-naphthol 234 — — 
4-Amino-2-naphthol 185 — 179 
5-Amino-2-naphthol 100 Fe 218 
6-Amino-2-naphthol 212-213 (cee.) QE fe 
7-Amino-2-naphthol 201 — 282 
8-Amino-2-naphthol 205—207 67 105 














Amino Naphtholsulfonic Acids 


1-Amino-2-naphthol-4-sulfonic acid (1,2,4-acid) (IX) forms fine gray needles that 
NH. are difficultly soluble in hot water and turn rose-colored on exposure 
“Non to light. It is prepared from @-naphthol. This is converted into 1- 
( [ nitroso-2-nuphthol and then treated with sodium bisulfite. Upon 
acidification the free sulfurous acid effects simultincous reduction and 
sulfonation, The yield is about 90% of theory from f-naphthol. 
1,120,000 Ib. was manufactured in the United States in 1945. Its 
neutral solutions fluoresce a weak blue and its alkaline solutions turn brown on ex- 
posure to air. On oxidation it forts 1,2-uaphthoquinone-4-sulfonic acid. Tt is used 
commercially in the manufacture of the following dyes: Eriochrome Blue Black B 
(61. 201), Eriochrome Blue Ῥ]αοὶς Β. (ΟΙ. 202), Friochrome Black T (C.J. 203), 
Eriochrome Black A (CZ. 204), and Eriochrome Red B (CLI. 652). All of these dyes 
were produced commercially in the U.S. in 1944, i 


ΒΟ 
(IX) 
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1-Amino-2-naphthol-6-sulfonic acid (amino Scháffer's acid) (X) is prepared by 

NE, treating Schiiffer’s acid (2-naphthol-6-sulfonie acid) with nitrous 

“Now acid to form the nitroso compound, and reducing this with zine 

HOS (] and hydrochloric acid. It forms white needles or prisms that are 

sparingly soluble in water. This intermediate is used in the manu- 

(X) facture of Alizarine Green G (CLT. 917), an oxazine dye. Its sodium 

salt, (with 2.5 moles of water of crystallization) is the photographic developer cikon- 

ogen. Its alkaline solution is quite unstable to air, Its ethyl ether, which ean be 

prepared by ethylation of Schiiffer’s acid with ethyl chloride under pressure, nitration, 

and reduction, is used for the preparation of dis- and trisazo dyes, such ag Sirius Blue 

6G and Sirius Green G. It turns deep blue on treatment with ferric chloride, and this 
changes to red-brown on warming. 


1-Amino-5-naphthol-7-sulfonic acid (5-amino-1-nuphthol-3-sulfonic acid, M acid) 
NH, (XI) is prepared by fusing 1-naphthylamine-5,7-disulfonic acid 

HOS ^ (5-amino-1,3-naphihalenedisullonie acid) with eaustie soda at. 160— 
220°C. It occurs as leaflets that are sparingly soluble in water and 


e it forms 4 black color with ferric chloride. Its sodium salt gives a 
OE bluish fluorescence 1 ater » is used in th : jure of 
(XI) juish fluoresecnee in water. It is used in the manufacture o 


Oxumine Blue B (C.F. 515). Il couples only once, either in acid or 
alkaline condition. 


1-Amino-7-naphthol-3-sulfonie acid (8-amino-2-naphthol-6-sulfonie acid) (XI) 

NI, 19 prepared by fusion of l-naphthylaxnine-3,7-disulfonie acid with 

uor N caustic soda. This compound is not of grent commercial importance. 
L / SOH 


(X11) 


{-Amino-8-naphthol-3-sulfonic acid (8-amino-1-naphthol-6-sulfonic acid) CXTID) 
OH. NI, is prepared by eaustie Tusion. of 1-naphthylamine-3,8-disulfonie acid. 
Tt forms white needles that are difficultly soluble in hot water and it 
gives a black-violet color with ferric chloride. It is not very impor- 
tant in azo-dye chemistry. It may be sulfonated to give 1-amino-8- 
naphthol-3,5-disulfonie acid (page 736), which finds very little use in 
the production of azo dyes. 


SOTI 
(XIII) 


1-Amino-8-naphthol-4-sulfonic acid (8-amino-1-naphthol-5-sulfonic acid, 8 acid) 
OH NH, (XIV) is manufactured by caustic fusion of 1-naphthylamine-4,8-disul- 
fonic acid at 200-280°C. 49,000 lb. was manufactured in the U.S. in 
1944. It oceurs as white needles that are sparingly soluble im water 
and it forms nix omerald-green color with ferric chloride. Ut is currently 
used in the U.S. in the manufacture of the following dyes: Palatine 
Black A (C.J. 241), Benzo Cyanine R (C.I. 405), aud Chicago Blue B 
(C.I. 516). 


SOH 
(XIV) 
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1-Amino-8-naphthol-5-sulfonie acid (8-amino-1-naphthol-4-sulfonic acid) (XV) 

OH NH, is prepared by low-temperature sulfonation of 1-amino-8-naphthol or by 

~ heating 1,8-vaphthalenediamine-4-sulfonic acid (4,5-diamino-1-naphtha- 

C lenesulfonie acid) with dilute sulfuric acid under pressure. This latter 

compound is prepared by nitration of 1-nitronaphthalenc-5-sulfonic acid 

(5-nitro-1-naphithalencsulfonic acid) and subsequeut reduction. 1-Amino- 

8-naphthol-5-sulfonic acid can be further sulfonated to give the 5,7-di- 

sulfonic acid. Though it is not being used at present to any great extent, it has been 

used in the manufacture of Nigrophor BASF (C.J. 242) and Naphthyl Blue 2B 
(C.I. 444). 


SOH 
(XV) 


1-Amino-8-naphthol-6-sulfonie acid (8-amino-l-naphthol-3-sulfonie acid, H 
OH Nu,  monosulfo acid) (XVI) is prepared. by. desulfonation of 1-amino-8- 
naphthol-4,6-disulfonie aeid by means of zme dust. It has only a 
HOS () very limited use in the production of azo dyes. 
d ^Á 


(XVI) 


2-Amino-1-naphthol-4-sulfonic acid (X VII) is prepared by reduction of 2-nitroso- 

OH i-naphthol-4-sulfonic acid or by means of the Piria reaction on 2- 
C NH,  nitroso-l-naphthol using sodium bisulfite (seo “1-Amino-2-naphthol- 
4-sulfonie acid,” page 732). It normally crystallizes as colorless 

΄ needles with one mole of water of crystallization. It has been used in 


OsH the manufacture of Alizarine Green B (C.I. 918), au oxazine dye. 


(XVII) 


2-Amino-1-naphthol-5-sulfonic acid (amino L acid) (XVIII) is prepared by reduc- 
OH tion of the azo dye formed by coupling a diagotized arylamine with 
NH,  J-naphthol-5-sulfonie acid. Its use in azo-dye chemistry is very limited. 


Y 
ΒΟΡΠ 
(XVIII) 


2-Amino-3-naphthol-6-sulfonic acid (3-amino-2-naphthol-7-sulfonic acid, RM 
acid) (XIX) is made by caustic fusion of amino R acid (2-naphthyl- 

OE àmine-3,6-disulfonic acid), which is made by the Bucherer reaction 
Tos. A. Jon on R acid (2-naphthol-3,6-disulfonie acid), The caustie fusion, 
is carried out with 75% caustic soda at 240°C. It is very in- 

soluble in water (1:4000 at 15°C.). Dilute mineral acid at 180° 
gives 2,9-dihbydroxynaphthalene. ITtis used to some extent as an agzo-dye component. 


(XTX) 


2-Amino-5-naphthol-1-sulfonie acid (6-amino-1-naphthol-5-sulfonic acid, A acid) 
80,H (XX) is prepared by further sulfonation of 2-aminonaphthalenc-1- 
NH, ‘sulfonic acid to 2-amino-1,5-disulfonic acid followed by treatment with 
caustic potash. Its use in azo-dye chemistry is extremely limited. 
H 
(XX) 
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2-Amino-5-naphthol-7-sulfonic acid (6-amino-1-naphthol-3-sulfonic acid, J acid) 
ΠΟΘ NIL (XXD is sparingly soluble in water (1:1300 at 15°C.) and its 
` A " Sodium salt dissolves in water with a blue fluorescence. On heat- 
C ing with ferric chloride, à brownish-black precipitate 1s obtained. 
OH Tt is manufactured from 6-naphthylamine. This is sulfonated to a 
(XXI) mixture of 2-naphthylamine-5,7-disulfonic acid and 2-naphthyl- 
amine-6,8-disulfonic acid. This latter is amino G acid and is an intermediate in the 
production of gamma acid. The former is fused with about 60% caustic soda in an 
autoclave at about 200°C. to form J acid, of which 691,000 Ib. was produced in the 
US. in 1945. It is used in the manufacture of: Benzo Fast Red 8BL (C.I. 278), 
Diuzo Brilliant Orange GR Ex (C.I. 324), Rosanthrene (C.I. 324a), Diamine Fast 
Violet (C.I. 325), Benzo Fast Scarlet 4BA (CTL. 327), Oxamine Blue 4R (C.I. 471), and 
Benzo Fast Blue FR (C.I. 533). On treatment of J acid with aniline in the presence of 
sodium bisulfite, the N-phenyl derivative is formed. It finds use as an eund component 
in dis- and trisazo dyes. The N-acyl derivatives of J acid (N-acetyl, N-benzoyl, 
N-(m-aminobenzoyl), N-(p-aminobenzoyl)) arc also used in the preparation of various 
azo dyes. 
2-Amino-8-naphthol-6-sulfonic acid (7-amino-1-naphthol-3-sulfonie acid, gamma 
OH acid) (XXIIT) forms needles that are sparingly soluble in water 
NH, (1:230 at the boil). Its alkali metal salts dissolve very readily 
with a blue fluorescence. Ferrie chloride gives a Bordeaux-red 
color. It is manufactured from @-naphthol. This is sulfonated 
to R acid (2-naphthol-3,6-disulfonic acid) and G acid (2-naphthol- 
6,8-disulfonic acid) and these are separated. The G acid is heated in an autoclave with 
aminonia and sodium bisulfite solution to form amino G acid (2-naphthylamine-6,8- 
disulfonic acid). This latter (see “2-Amino-5-naphthol-7-sulfonic acid,” above) is 
fused with about 65% caustic soda in an autoclave at about 200°C., forming gamma 
acid, of which 1,018,100 Ib. was produced in the U.S, in 1945. It is used in the U.S. 
in the manufacture of the following dyes: Neutral Gray G (C. 267), Diaminogen 
B (CI. 317), Benzo Fast Pink ZBL (C.I. 358), Diamine Violet N (C.I. 894), Dia- 
mine Black RO (C.I. 395), Diamine Black ΒΗ (Ο.1. 401), Diamine Fast Red F 
(CL, 419), Diamine Brown N (C.I. 420), Columbia Blaek FF Ex (CJ. 539), and 
Plutoform Black (C.I. 545). The N-phenyl and N, N-dimethyl derivatives of gamma 
acid also fud use in the preparation of azo dyes. 


TOS 
(XXII) 


1-Amino-2-naphthol-3,6-disulfonic acid (XXII) forms white needles that are 

ΝΠ. quite soluble in water. On prolonged refluxing of its aqueous 

“NOH solution, the amino group is replaced by hydroxyl. It is prepared 

HO. { x u by reduction of the azo dyes formed by coupling with R acid. Its 
i X πώ * acid sodium salt is the photographic developer diogen. 


1-Amino-8-naphthol-2,4-disulfonic acid (8-amino-1-naphthol-5,7-disulfonie acid, 

OH NH, Chicago acid, SS acid, 28 acid) (XXIV) 1s mánufaetured by eaustic 
μοι fusion of sodium 1,8-naphthsultam-2,4-disulfonate (anhydride of 1- 
f naphthylamine-2,4,8-trisulfonic acid) at 155-160°C. with 40% sodium 
hydroxide. This in turn ig made by sulfonation of 1-naphthylamine- 
4,8-disulfonic acid with 25% oleum at 80-90°C. Chicago acid is easily 
soluble in water and gives a greenish-black color with ferric chloride. 


SOSIT 
(XXIV) 
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Its alkaline solutions give a green fluorescence, Tt is currently used in the production 
of Benzo Blue RW (C.I. 512) and Diamine Sky Blue FF (C.I. 518). 149,000 Ib. of 
Chicago acid was produced in the U. S. in 1945. Chicago acid couples only once with 
diazo compounds. 


1-Amino-8-naphthol-3,5-disulfonie acid (8-amino-l-naphthol-4,6-disulfonic acid, 
OT NER B acid) (XXV) is produced by sulfonation of 1-amino-8-naphthio]-3- 
sulfonic acid with five parts of monohydrate. Its acid sodium salt 

may be recrystallized from water and its alkaline solutions give a violet 


Z NA SOM — guorescence. H, couples twice with diazo compounds, either alkaline 
P^ XV) ov acid. B acid does not find very much use in azo-dye chemistry. 
EM. EC 


Treatment with 2095 sullurie acid at 200°C. or 5% at 140°C. gives 
1-amino-8-naphthol-3-sulfonie acid. 


1-Amino-8-naphthol-3,6-disulfonic acid (8-amiuo-T-naphthol-3,6-disulfonie acid, 
OH NH, H acid) (XXVI) is produced from naphthalene ss u startiug 
^N | material. Naphthalene is trisulfonated to 1,3,6-naphthalenetri- 
HO. Í -— sulfonic acid with oleum, then nitrated in the presence of diluted 
SAS sulfuric acid and reduced with iron, resulting in the formation of 
(XXVI) Koch acid (1-naphthylamine-3,6,8-trisulfonie acid). This latter is 
fused at about 180—100?C. with nbout 30925 caustie soda in an autoclave, forming IT 
acid. It forms colorless crystals that are sparingly soluble in cold water. With fer- 
ric chloride it gives » brownish-red color. The acid salts fluoresee bluish red, which 
turns red-violet on the addition of alkali. It is widely used as an intermediate for 
mono- and polyazo dyes. 3,923,000 Ib. was manufactured in the U.S. πι 1045, It is 
used in the manufacture of Fast Acid Fuchsine B (CV. 30), Brilliant Sulphon Red 
(CL, 32), Sulphon Acid Blue R (C7. 208), Sulphon Acid Blue B (C. 209), Nuphthol 
Blue Black (C.I. 246), Azo Dark Green A (CLI, 247), Acid Black N (C.I. 294), Past 
Sulphon Black F (C.I. 306), Benzo Fast Heliotrope (C.J. 319), Diamine Black BH 
(CI. 401), Benzo Cyanine R (CZ. 405), Benzo Blue BB (CI. 406), Beuzo Blue 
BX (CL. 472), Benzo Blue 3B (C2. 477), Benzo Sky Blue (CZ. 520), Diazo Blue 
Black RS (CU. 552), Diamine Bronze G (CZ. 559), Direct Deep Black EW Ex 
(C.I. 581), Direct Deep Black RW Ex (C.I. 582), Chlorazol Dark Green (CLT, 583), 
Chloramine Green B (C.I. 589), Chloramine Blue 3G (ΟΙ. 500), Dimnine Green B 
(CT. 593), and Diamime Green G (C.7. 504). The N-phenyl and N-acyl (acetyl and 
benzoyl) derivatives of F acid are used in the preparation of azo dyes. 


1-Amino-8-naphthol-4,6-disulfonic acid (8-amino-L-uaphthol-3,5-disulfonie acid, 

OH NH, K acid) (XXVII) is produced from naphthalene, which is first 

sulfonated to 1,3,5-trisulfonic acid. This is diluted with ice in the 

- | reaction mixture, cooled, nitrated with the theoretical amount of 

MOS y ; mixed acid, and recueed with iron, forming l-naphthylamine- 

xvi 4,6,8-trisulfonic acid. The latter is fused with caustic soda under 

pressure at 170°C., yielding K acid. Its acid sodium salt is readily 

soluble in water with a bluc-violet fluorescence that turns greenish blue on the addi- 

tion of alkali. On treatment with ferric chloride, a green color is obtained. Although 

KC acid is not now of great commercial value, it was used formerly in the manufacture 
of & great, many dyes. 
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2- Amino-5-naphthol-1,7-disulfonic acid (6-3mino-1-naphthol-3,5-disulfonie acid, 
SOH sulfo J acid) (XXX VIIT) is made by sulfonation of 2-naphthylamine- 


Hog yo SNE  bø-disulfonie acid to 2-naphtliylamine-1,5,7-trisulfonie acid and 
Í | subsequent fusion with caustic soda. It is not of great com- 
SN mercial importance at present. 

OH 
(XXVILL) 
2-Àmino-8-naphthol-3,6-disulfonic acid (7-amino-1-naphthol-3,6-disulfonie acid, 
OH 2 R acid) (XXTX) is produced by caustic fusion at temperatures 


NNa. ranging from 200 to 240°C. of sodium 2-naphthylamine-3 ,6,8-tri- 

Ἡ MI i Bon sulfonate, which is produced by sulfonation of 2-naphthylamine- 

Me 6,8-disulfonic acid. Tt is readily soluble in water, both as the free 

acid aud in the form of its alkaline salts. Water solutions of its 

acd salts fluoresee hluish violet, but this turns bluish green on the addition of alkali. 

With ferric chloride, a dark green color is obtained. It is used currently in the 

manufacture of Trisulfon Brown B (CZ. 561) and Trisulfon Brown 2G (CI. 577). 

2R acid is an intermediate in the preparation of Azosulfamide, which is also known 

as Neoprontosil, Proutosil S, and Streptozon S. This is a sulfa drug (gw) that is 
used for intravenous injections. Tts structure is shown in formula (XXX). 





(XXIX) 


i " OH 
HC wal N=NC ΒΟΝΝΗ, 
NaO4S SONa 
(XXX) 
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AMINO PHENOLS 


The amino phenols are valuable organic intermediates in the preparation of dyes, par- 
ticnlarly azo and snifur colors, and phogotraphic chemicals. In their own right they 
find considerable use as photographie developers and fur, hair, and feather dyes by 
after-oxidation. Chemically these compounds have the general properties of phenols 
(g.v.); however, they are amphoteric, showing the properties of weak bases as well as 
those of weak acids, and are thus soluble in both mineral acids and alkalies. 
o-Aminophenol forms white needles melting at 174°C. It is soluble in 59 parts of 
water at 0°C. and in 23 parts of ethyl alcohol. It is soluble in ether but only sparingly 
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in benzene. For purification, it may be sublimed. It is uot very stable in air, turning 
brown to black on long standing with the formation of amino and hydroxy phenox- 
azines. With ferric chloride, o-aminophenol gives a red color, which goes over to blue- 
green on the addition of stannous chloride. It forms a hydrochloride, which occurs as 
white needles and is soluble in 1.25 parts of water at 0*C. and 2.36 parts of alcohol. 
Its formate occurs as leaflets nielting at 119-120°C.; its acotate molts at. 150?C.; 
and its oxalate forms needles melting at 167-168°C. with decomposition. 

Its N-formyl derivative, prepared by dehydrating o-aminophenol formate, re- 
erystallizes from water as needles melting at 129-129.5°C. Itis very soluble in alcohol, 
ether, acetone, chloroform, and ethyl acetate. Its N-acetyl derivative, prepared by 
dehydrating the acetate, forms plates from dilute ethyl alcohol melting at 209°C. On 
treatment with ferric chloride, the acetyl compound gives a green color. Tts N- 
benzoyl derivative forms leaflets melting at 167°C. with decomposition. 

o-Aminophenol may be prepared by reducing o-nitrophenol with any of the 
standard reducing agents such as iron and acids, sodium sulfide, ammonium sulfide, 
sodium hydrosulfite in the presence of caustic soda, aluminum amalgam, sodium amal- 
gam and caustic soda, zinc dust and acid, tin and acid, stannous chloride, phenyl- 
hydrazine, hydrogen in the presence of nickel at 170-180°C., hydrogen in the presence 
of copper at 265°C.; eleutrolytic reduction has also been used (sce ulso Amdnation by 
reduction). ‘Technically, the cheapest and most convenient method is the reduction of 
o-nitrophenol by means of iron and acid by the Béchamp method. o-Nitrophenol is 
prepared by treating the readily available o-chloronitrobenzene with dilute caustic 
soda under pressure, In 1945 there was produced in the United States 245,000 Ib. of 
o-nitrophenol. 

o-Àminophenol is used for making the sulfur dye Thiogene Dark Red G (C.I. 1011) 
and for making 5-nitro-2-aminophenol, which is used in fur and hair dyeing as Ursol 
GG. 

N-Methyl-o-aminophenol (T), prepared by hydrolysis of N-methylbenzoxazolone 

oH with concentrated hydrochlorie acid, forms white plates melting at 98- 
Qm 99°C. With ferric chloride in the presence of hydrochloric acid, it gives 
a deep red-brown color. It is used in the hair dye Aurcol and together 

(m with hydroquinone as the photographie developer Ortol. 

m-Aminophenol, also known as Fuscamine G, forms prisms from toluene or water, 
melting at 123°C. It is very soluble in ether, alcohol, aud hot water, but only spar- 
ingly soluble in benzene or ligroin. For purification it may be distilled in à vacuum. 
In contradistinetion to the other isomers, it is fairly stable in air. Its hydrochloride 
forms prisms from water melting at 229°C. Its sulfate occurs as plates or needles: 
melting at 152°C. Its N-acetyl derivative forms needles from water melting at 148- 
149°C. and is soluble in hot water or alcohol, but sparingly soluble in ether, chloroform, 
or benzene. Its N-benzoyl derivative forms needles from tolueve melting at 174°C. 
and is soluble in alcohol or ether but sparingly so in benzene. 

m-Aminophenol has been prepared by a varicty of methods. One of these in- 
volves reduction of m-nitrophenol, which is formed by diazotizing m-nitroaniline and 
reacting with hot dilute sulfuric acid. Reduction may be carried out with the usual 
reagents, including iron and acid, tin and acid, the sulfides, ete. Another method is the 
treatment of resorcinol with ammonia under pressure in the presence of either ammo- 
nium chloride or sulfite (see also Ammonolysis). m-Aminophenol may also be prepared 
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by caustic fusion of metanilic acid and by hydrolysis of 3-aminophenol-4(or 6)-sulfonie 
acid using strong mineral acids. Technically, the best of these methods is the fusion 
of metanilie acid with sodium hydroxide at temperatures over 250°C. 

m-Aminophenol is used for the preparation of the dyes Chrome Brown P (CJ. 
106) and Fur Brown GG (C.I. 875). 

N-Ethyl-m-aminophenol (II), which is formed by caustic fusion of N-cthyl- 
metanilie acid (prepared by sulfonation of. N-ethylaniline or monoethylation of meta- 
nilic acid) or by treatment of resorcinol with ethylamine at 190-195°C., is an important 
dyc intermediate. It melts at 62°C. and boils at 176°C. at 12mm. It is used for the 
preparation of the dyes Rhodamine 6G (C.I. 752), Rhodine 2G (C.I. 755), and Fast 
Acid Phloxine A (C.T. 756). 


OH OH OH 
ο Cen, Chen 
(ID (ID Qv) 


N, N-Dimethyl-n-aminophenol (IID, prepared by caustic fusion of N,XN-di- 
methylmetanilic acid, is also used as a dye intermediate. It forms white crystals which 
are almost insoluble in water, melt at 87°C., and boil at 265-268°C. It is used in the 
preparation of Pyronine G (CI. 739), Rhodamine § (C.I. 743), Rhodamine 83G (C.I. 
753), and Rhodamine 12GF (C.J. 763). 

N, N-Diethyl-m-aminophenol (IV), which is formed by caustic fusion of N, N- 
diethylmetanilic acid (prepared by sulfonation of N, N-diethylaniline or diethylation 
of metanilic acid with ethyl chloride or diethyl sulfate), is a white crystalline compound 
that melts at 78°C. to 2 practically colorless oil boiling at 279-280°C. at 760 mm., 201° 
at 25 mm., and 170° at 15 mm. It is sparingly soluble in water and darkens very 
readily on exposure to light and air. It is used for the preparation of the dyes Pyronine 
B (C.I. 741), Urbine E (C.I. 742), Sulfo Rhodamine B (C.I. 748), and Rhodamine B 
(C.I. 749). 

p-Aminophenol forms white crystalline plates or leaflets melting at 186°C. Since 
it oxidizes very rapidly in air, the commercial product is generally tan to dark reddish 
brown. Long exposure turns it violet. The solution in alkali darkens very readily in 
the air, turning to a violet shade. The acid solution is somewhat more stable. At 0°C. 
it is completely soluble in. 90 parts of water or in 22 parts of othyl alcohol. Itis easily 
soluble in hot water or alcohol and may be conveniently recrystallized from hot water. 
It is almost insoluble in such solvents as benzene or chloroform. 

With hydrochloric acid, p-aminophenol forms a hydrochloride melting at 306°C. 
with decomposition and is soluble in 14 parts of water or 10 parts of absolute ethyl 
aleohol at 0°C. With oxalic acid, it forms an oxalate melting at 183°C. On treatment 
with oxidizing agents, such as chromic acid or lead peroxide and sulfuric acid, it gives 
quinone. Treatment of p-aminophenol with ferric chloride solution causes the appear- 
ance of a violet color, which disappears on the addition of concentrated hydrochloric 
acid or sodium hydroxide. A characteristic test for p-aminophenol is the violet color 
formed on slowly adding a solution in dilute hydrochloric acid to bleaching powder in 
water. On shaking, the color turns to a green, 

With regard to its physiological effects, p-aminophenol is generally considered 
only very slightly toxic to man, since amounts as high as five grams will usually cause 
only chills or cyanosis. In fact it was observed by Schmiedeberg (1884) that aniline 
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and its simple derivatives are converted in the body to y-aminophenol, which is elimi- 
nated as thc eompound with sulfurie or glyceuronie acid. 

p-Aminophenol was first: prepared in 1874 by Baeyer and Caro by the reduction of 
p-nitrosophenol with (in and hydrochloric acid. It has since been prepared by a variety 
of methods. -Nitrosophenol and p-nitrophenol may be reduced with active metals 
and acids, with hydrogen catalytically, and with sodium sulfide, p-Hydroxyazoben- 
zene may also be reduced to give aniline and p-aminophenol. Electrolytic reduction of 
nitrobenzene in the presence of sulfurie acid gives p-cminophenol, Iu this case g- 
phenylhydroxylamine is an intermediate. . Treatment of p-ehlorophenol with ammonia 
in the presence of a copper catalyst, under pressure, also gives p-aminophenol. Tech- 
nieally it is generally prepared by the normal Béchamp reduction of p-nitrophenol with 
iron and a small amount of hydrochloric acid, or by reduction with sodium sulfide 
solution. Similar reduetions of p-nitrosophenol have also been carried out commer- 
cially. Elowever the use of p-nitrophenol offers an advantage in that it can be prepared 
very conveniently from p-nitrochlorhenzene by means of dilute sodium hydroxide solu- 
tion under pressure, Sce also Amination by reduction. 

In 1945 there was produced in the U.S. 857,000 Ib. of p-aminophenol and its salts, 
p-Aminophenol finds use as an intermediate in the preparation of & number of dyes, 
particularly azo and sulfur colors. Among them may be mentioned Chrome Deep 
Brown 3R (C.I. 95), Supranol Yellow RA (CJ. 642), Pyrogene Direct Blue RLCF 
(CT. 956), Hydron Blue BG (C.2. 969), Immedial Green (C.7. 1006), and Katigen Red 
Brown 6RN (C.I. 1012). [tis also used as a fur, lair, and feather dye under the name 
of Ursol P (CLI. 875), which dyes by after-oxidation, and as a photographie developer, 
usually as the hydrochloride or stabilized with sodium sulfite, under the names of 
Rodinal, Unal, Kodelon, Paranol, Perinal, and Azol. It is used as an intermediate in 
the preparation of several photographic developers, most important among them being 
“glycine” and Metol. 

N-(p-Hydroxyphenyl)aminoacetie acid, also called “glycine” (V), is best prepared 
by the treatment of p-aminophenol with chloroaeetie acid in the presence of dilute 
alkali. It recrystallizes from water in the form of plates. On treatment with ferric 
chloride it gives rise to a blood-red color. 


OH OH OIT 
() ο e 
HNCH,.COOF TIINCES.!/;H3804 NH, 
(V) (VD (VII) 


Metol (VI), or p-metliylaminophenol sulfate, ean be prepared by treating hydro- 
quinone with methylamine under pressure, or by decarboxylation of glycine and treat- 
ment of the resulting pmethylaminophenol with sulfuric acid. Decarboxylation. of 
glycine can be performed very simply and in excellent yield by heating in aliphatic 
ketonic solvents (2,3,4) at about 150°C. Decarboxylation may also be carried out by 
heating glycine as is at 240-250°C. In 1945 there was produced in the U.S. 504,000 lb. 
of Metol. ‘The free base melts at 87°C. and forms needles from benzene. Tt is easily 
soluble in alcohol, ether, benzene, or water. On vigorous oxidation it gives quinone. 
The sulfate melts at 250-260?C. and i is soluble in 20 parts of water at 25°C, and in 6 
parts at the boil. 

2,4-Diaminophenol (VII) occurs as plates or leaflets melting at 78-80?C. It is 
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easily soluble in acids or alkalies, Fairly soluble in aleohol and acetone, but difficultly 
soluble in ether, chloroform, or benzene. On exposure to air it turns brown-black. 
Its solution in alkali goes blue in air. Addition of ferric chloride or dicliromate to a 
solution of its salts causes: the formation of a deep red color due to formation of 2- 
aminoquinonimine. Addition of ferrous sulfate to a solution of its sults gives a rose- 
red color, whereas ferricyanide gives a red-brown color. Its triacetyl compound melts 
ad 180°C. whereas the tribenzoyl derivative melts at 231°C. 

2,4-Diaminophenol may be prepared by electrolysis of m-dinitrobenzene or m- 
nitroaniline in concentrated sulfuric acid. However, the most convenient method in- 
volves reduction of 2,4-dinitrophenol with iron and excess hydrochloric acid, and 
erystallization of the resulting dihydrochloride. 

The dihydrochloride, which occurs as colorless needles, is used as a photographie 
developer under the uames of Amidol, Acrol, Dolmi, and. Diomet. Itis also used for 
dyeing hair and fur by after- oxidation. 
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The development of plastics and synthetic resins containing nitrogen has 
been greatly extended in the last few decades. The types of plastic materials 
geuerully described as amino resins, and discussed here, are those obtained from 
urea, thiourea, melamine, aniline, and sulfonamides, in spite of the fact that urea, 
thiourea, and sulfonamides do not contain tlie amino group, but the amido group. 
The polyamides (q.v.), such as nylon and related resins, are not usually included 
among the amino resins. 

The commercially important amino resins are the urea-formaldehyde and the . 
melamine-formaldehyde condensates. The other materials—the sulfonamide, 
aniline, and thiourea resins—are in the development stage, and large markets have 
not as yet been established for them. The production of urea-formaldehycle resins 
of all types probably approached 50,000,000 Ib, in 1945 (39), and of melamine 
resins, probably considerably less than 10,000,000 lb. Both types have increased 
in volume steadily during 1935-1945, and there is every reason to believe the volume 
will continue to increase. These amino derivatives have many uses; in many 
fields, as in textiles, paper, and adhesives, these are not strictly plastic applications. 
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War uses have, until recently, greatly restricted the extensive commercialization of 
amino resins. 

History. Holzer, in 1894, was among the first to study the reaction products 
of urea and formaldehyde. Henry, mm the same year, reported the formation of 
methylol compounds by the addition of formaldehyde to aliphatic amines. It was 
nearly a decade later that Einhorn isolated the mono- and dimethylol derivatives of 
urea. In 1898, Goldschimidt made studies of the reaction of urea and formaldehyde 
and isolated a condensation product of two moles of urea with three moles of 
formaldehyde. There has been considerable discussion of the structure of this 
compound. Dixon, and later Walter, studied the structure of the material. 

The commercial development of urea-formaldehyde resins began about 1920, 
the first patent being issued to John in that year. While the first suggestions for 
uses of plastic materials have often been wide of the mark, John suggested their 
use as adhesives, which continues to be an important application. John did not 
control the acidity of his reaction mixture, but used formalin as reecived. Pollak 
showed the effect of alkalies on the reaction, and was able to obtain better control of 
the reaction by their use. The use of urea-formaldehyde resins as transparent plas- 
tics and the formation of an "organie glass" were announced. Although many 
attempts to produce stable, clear resins were made at that time, no satisfactory 
transparent urea-formaldehyde plastics have yet been developed. Production of 
urea resins began in the United States in 1928. Crystalline urea was first produced 
in the United States in 1935. "The output of urea-formaldelyyde resins has shown a 
rapid growth in the last decade. The demand in established applications has in- 
creased, and new uses are constantly being developed. 

Although melamine resins had been produced a few years earlier in Europe, the 
production of melamine and derived plastics was not initiated in the United States 
until 1940. Sulfonamide resins have been mace in the United States since about 
1920, but never on a particularly large scale. Aniline-formaldehyde resins have 
never achieved large outlets, and thiourea resins are not produced in large volume. ' 


Raw Materials 


Raw materials for amino resins are derived from atmospheric nitrogen (sec 
Ammonia; Cyanamides). Thus, air is a starting material for all of the amino resins. 
(For the manufacture of the various raw materials used for amino resins, sce the 
separate articles, either under the name of the material itself, or of a classification 
which includes it: for example, for urea, see Urea; for benzenesulfonamide, see 
Sulfonamides.) 


TABLE I. Materials for Amino Resins. 












Raw materials Formula d? M.p.,?C. -- .. SO. in 100 pi. — 
. ο ” : o Water Alcohol Ether 
Aniline 98.12 1.022 —6.2 3.6 eo eo 
Benzenesulfonamide 157.18 — 156 v.g. Vas. 
Dicyanodiamide 84.08 1.386 207.8 1.3 0.01 
Melamine 126.13 — 354 sls. ins. 
Thiourea ᾿ 70.12 1.405 180-182 Β. sl.s. 
p-Toluenesulfonamide 171.21 — 137 B. — 
Urea 60.06 1.335 132. 7(dec.) 5.4 ΒΙ.8. 


—— 
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UREA 


Urea and formaldehyde are by far the most important starting materials for 
amino resins and plastics. Urea is also known as carbamide, since urea is the amide 
of carbonic acid, and can be made by the action of ammonia on phosgene: COC], + 
2NH; ~ CO(NH:), + 2 HCl. The structure of urea is also shown by its 
formation from ammonium cyanate. Hydrolysis is apparently the first step in the 
reaction, since ammonia and cyanuric acid, the polymer of cyanic acid, are present: 
NH,OCN - NH, 4 HNCO — HN:C(OH)NH; — CO(NHg. The 
structure of urea has been the subject of considerable discussion (86), and the 
structure containing a hydroxyl and an imino group has been proposed. Werner, 
in 1918, suggested the cyclic IIN:C.NH;.0 to account for the behavior of urea. 

Lo] 
This structure has been widely accepted, but in the chemistry of plasties it has re- 
ceived little cousideration, for it does not offer as satisfactory an explanation of the 
behavior of urea as the conventional CO(NH),)». 

On heating, urea loses ammonia to form biuret, which gives a reddish-violet 
color with copper sulfate and alkali; this is sometimes used asa test for urea. The 
biuret is formed by reaction between unchanged urea and cyanic acid, which is itself 
formed from part of the urea on heating. Higher derivatives are also formed (see 
Table II). Urea is produced commercially by heating ammonia and carbon dioxide 


TABLE II. Properties of Urets. 











Derivative . Formula Mp, O, Soly, in sold water Biuret reaction 
Biur et NH( CONE); 2 190 dee. Moderate Deep red 
'['riuret, CO(NHCON H3): 231 dee. Slight Very faint 
"Tetrauret NH(CONHCONH;); 186 dec. Readily Intense violet 
Pentauret, CO(NHCONHCONH:) 235 dec. Slight None 


Source: reference (14). 


at high pressures (see Ammonolysis). The commercial material is a white, crystalline 
solid, containing at least 46% nitrogen (theor. 46.7%) and is often shipped in 100-12, 


TABLE ITI. Properties of Urea, 





TOD hte aeter eh rea th e ea 1.484 and 1.602 

M. p. at 800 atm, CC. ccc eter mar aaa rese αν κ 150 
Heat of fusion, cal. feles esee e hn hy rata er aen 57.8 
Heat of combustion, 0 ef rh hse 3581. 
Heat of solution in water, eabl/g.. eese trm MM —57.8 
Heat of solution in methanol, EIN εν κοκ ο κκ κο εν ννν όν νον έρνν ρε —46.6 
Heat of solution in ethanol, cal. JEn ha eh er teas --50.2 
Free energy of formation (solid), eal. /mole.... 02... ee esee — 47,120 
Free energy of formation (sgoln. in water), eal. /mole........ lle eee eee —48, 720 
Specific heat at, 20°C... creer nsn 0.32 
ο ο ο μμ ο ο ο ee 1.5 X 1074 
Soly. in water at 0°C., g./100 β. γΔΟΘΥν ενω ων νε νω εκ κενο εν κων εν κορν an 67 

in water at 20 oct E /100 B Waters. cece cee cette eee teers 105 

in water at 60 Oy g./100 g. water............00- νην 246 

in water at 100°C ./100 g. Water. ccc cee mnes 725 

in methanol at 20° ted g./100 g methanol... 0.0... eee eee ae 22.0 

in ethanol at 20 *C., g./100 g, ethanol........ HEMDEN 5.4 

in propanol at 20 ο , E./100 Ρ. ΡΥΟΡΑΠΟΙ «ον ενω ν κ κε κκ κα κκ εννοω 2.6 

in glycerol at 20°C., g. /100 g. glycerol. .... e eese ren 50 = 


Source: reference (2). 
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paper bags. In addition to the properties of urea in "Table T, those listed in "Tables TIT 
and IV are significant. 


TABLE IV. Density of Urea Solutions. 











s e | CO (ooo o mao 
10 1.031 1.020 
20 1.06 1,0-4 
30 1.083 1.07 


40 1.115 1.10 


THIOUREA 


Thiourea bas not achieved the importance in the plaslies field that urea or 
melamine has. It can be produced from ammonium thiocyanate or from calcium 
cyanamide. Since ammonium thiocyanate can be recovered from the gases from 
coke ovens, some thiourea has been produced from this material. The methocl is 
analogous to the classical method of Wéóhler of producing urea from animonium 
eyanate. If ammonium thiocyanate is heated at 170°C. for two hours and then 
held at 100°C, for one hour, thiourea (29) can be extracted from the residue by 
crystallizing from water at ~15°C.: NHSNC -» CS(NH3.  Thiourea ean be 
made by starting from calcium cyanamide (20). Dilute sulluric acid at 10-15°C. 
is added to a slurry of calcium cyanamice in water. After stirring for several hours, 
the gypsum is filtered off and washed with water. The filtrate is made ammoniacal 


with 25% ammonia, and the solution is saturated with hydrogen sulfide. Thiourea 


may be crystallized on cooling: CaCNy Nnm, CN.NEH»s as y CS(NHjs Another 


method (78) eonsists of treating fertilizer grade of caleium eyanamido, in the pres- 
ence of excess hydrogen sulfide, with a 25-50% excess of sulfuric acid at 85-90 C. 
The gypsum is removed by centrifuging, and more calcium cyanamide is added to 
maintain about 5% excess hydrogen sulfide. Alter centrifuging at pH 6.6 at 80°C., 
thiourea is crystallized on cooling. The properties of thiourea are shown in Table I, 
It will be noted that it is somewhat higher melting than urea ancl considerably less 
soluble in water (see Urea), 


MELAMINE 


Calcium cyanamide (CaCN,) is the usual source of melamine (CsH,Ng). On 
acidification, cyanamide (CH.2N,) is formed; this readily polymerizes to dicyano- 
diamide (C2H,N,), which has been used as a source of plastic materials, particularly 
by condensation with formaldehyde, alone or in the presence of other amines. 

Most processes for the manufacture of melamine depend on heating dicyano- 
diamide to high temperatures, Since melamine has a very high melting point 
(354°C.), it is often formed at temperatures below its melting point. Solvents are 
frequently added to keep the melamine fluid during the reaction. The mechanism 
of the formation of melamine has not been entirely clarified, but it seems probable 
that dicyanodiamide first is converted to cyanamide, which combines with dicyano- 
diamide to form melamine, or else three moles of cyanamide combine to form 
melamine: 
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Ν 
A CN 
NH--C(NHNHCEN ———25 NH;CsN ——— HNÉ ὈΝΗ 
| 
N N 
Ss P 
C 
NIL 


The formation of melamine takes place with the evolution of a large amount of 
heat, and, unless this heat is dissipated, high temperatures are rapidly reached. 
The reaction of a laboratory-size batch heated on a hot plate starts to give off heat 
faster than itis dissipated at the melting point of dieyanodiamide, and this is aeconi- 
panied by a rapid rise of temperature to 350°C. Ammonia is evolved at this 
temperature, resulting in condensation products of melamine, ineluding melam 
(CoHyNu), melem (ΟΠ Σι), and melon (CHi). These products are uot very 
water-soluble, and are not useful as by-products of the reaction. When the forma- 
tion is carried out in the presence of ammonia, the undesirecl condensation reactions 
are repressed and a smaller quantity of insoluble produetsisformed. If the tempera- 
ture is kept within bounds, satisfactory yields of melamine are obtained without 
the use of ammonia. To control the temperature, it has been recommended (26) 
that dicyanodiamide be heated in thin layers on trays. Another methad (26) 
which has been adopted consists of passing dieyanodiamidoe through a rotary furnace 
containing metal balls. The thin film on the surface of the balls transmits the heat 
of reaction to the metal, therchy preventing an undesired temperature rise, A 
stream of gas passing through the furnace carries out the solid reaction products, 
which may contain as much as 80% melamine. This crude melamine is purified by 
crystallizing from water or by sublimation in vacuum. Iron is an undesirable im- 
purity and the addition of tartaric acid (64) to crystallizing liquors has been recom- 
mended to remove iron salts. The use of special eorrosion-resistaut, steels helps 
greatly (77) to reduce contamination by iron. When melamine is heated at reduced 
pressures, sublimation occurs. Table V (26) shows the temperatures at which 
sublimation starts and st whieh ìt becomes rapid. It will be noted that the evolu- 
tion of aminonia, an indication of condensation of melamine to insoluble products, 
increases greatly as the temperature is raised (see Ammonolysis). 





TABLE V. Sublimation of Melamine, 








Pressure, Virat sublimation Rapid sublimation Mules IN H3 per hr. 
nun. Hg bath temp, C. ᾿ bath temp., ?C. per 100 moles melamine 
3 190 280 0.38 
23 a 210 290 0.50 
50 220 300 ` 0.56 
196 250 320 ' 1.77 
772 270 330 2.5 





Source: reference (20). 


The properties of melamine are shown in Table I. It is soluble to about 5% 
in boiling water, while only 0.5% melamine is soluble in cold water (Table VI). 

Guanidine is often found as an impurity in melamine formed by the heating of 
dieyanodiamide. The addition of guanidine to dicyanodiamide (8) has been shown 
to improve the yield of melamine, It is believed that a guanidine salt of cyanamide 
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is formed that ean liberate cyanamide, which then trimerizes fo form melamine. 
The guanidine can be recovered from the reaction product and be used again, 


TABLE VI. Solubility of Melamine in Water. 


Temperature, °C, 


Melamine, ¢./100 g. water 





a 0.33 
38. ee κ κκ κ νε κ εν κ ων 0.60 
EE 1.05 
ου e hh mae 2.40 
160... νερο νο νεο ρε νο κών ον κκ ον κε εκ κ λ εν εν 5.14 


Source: reference (10). | 
ANILINE 


See Aniline; Amination by reduction; Ammonolysis. 


SULFONAMIDES 


The principal sulfonamide used in plasties is p-toluenesulfonamide, which is 
formed by treating p-toluenesulfonyl chloride with ammonia: 


CIL CH; 


NHs 


80.01 SOIN EH, 


When toluene is sulfonated with chlorosulfonic acid, a mixture of o- and p-toluene- 
sulfonyl chlorides is formed. The o-toluenesulfonyl chloride is separated and used 
in (he manufacture of saccharin. 


FORMALDEHYDE 


This is an invaluable starting material for a wide variety of plastic materials. 
It is formed principally by the oxidation of methanol; recently some success has 
been achieved in producing formaldehyde by the oxidation of hydrocarbons. Form- 
aldehyde is usually used as a 37% (by weight) aqueous solution but is also available 
as paraformaldehyde and hexamethylenetetramine (40). The latter materials are 
uot often used for amino plastics. The acidity and the methanol content of com- 
mercial formalin have a considerable effect on the urea resins in which they are used. 
Commereial formalin is usually quite acidic, and this acidity is often neutralized to 
a desired pH before resin formation occurs. The influence of the methanol content 
of commercial formalin is not so clearly recognized. Usually about 6-8% methanol 
is present in commercial formalin. This methanol content exerts an effect on the 
formation of amino plastics, since resins made in the absence of methanol have 
somewhat different properties. 


Chemistry of Resin Formation 


Amino resins and plastics, like other synthetic resins, are formed by the process 
of polymerization (g.v.). This consists of building one large molecule from many 
small ones. Since water is formed in the process, it is known as condensation 
polymerization. The materials whieh polymerize are the methylol (hydroxy- 
methyl) compounds formed by addition of formaldehyde to the amine: RNH, + 
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CHO — RNHCH,OH, "These methylol compounds are not resins, but many 
molecules condense to form aresin. A molecule of water is evolved as each molecule 
of methylolumine condenses to inerease the size of the molecule: 2 RNHCHLOH 
— NHRCILNRCH;OH. Ίνα molecule fornied. (rom two molecules of methylol- 
amine can condense with a third moleeule to form a larger molecule: NIIRCH;- 
NRCH,NRCH.OH. This compound still contains a methylol group and gon- 
denses further. There is considerable evidence that the hydrogen and hydroxyl in 
this molecule aro eliminated as water, thus resulting in the formation of a cyclic 
compound (1). Tfonly one methylol group were present, the molecule formed would 


R N N 
N VA " ἊΝ 
BN C U ά | C ο 
Ti — OH, | | | | oo. Ux 
(I) [ | N  N—R—N  N—H--N  N—HRH—N N (IL) 
RN NR EE Myr | | ! 
Vr g u eO ὁ ο ὁ 
IT; N N 


uot be very large, nor would it have particularly interesting properties as a resin. 
However, in the methylolureas snd methylolmelamines there is more than one 
methylol group present in each molecule, and a structure of eouneeted rings may be 
formed as the condensation proceeds. This results in the complicated network 
represented by CET). Since all these rings may be attached to other rings, very 
large molecules are formed. The insolubility of many amino resins is consistent 
with such a structure, 

Condensation polymerization may be stopped and started again almost at will. 
Thus many of the antino resins are partially polymerized when 1ace, aud polymeri- 
ation is later completed, asin the molding of amino plasties. 

Siuce the methylolamino derivatives are not readily soluble iu organie solvers, 
they cannot be used with many film-forming materials. The introduction of an 
alkyl group, if sufficiently large, forms ethers that are soluble im à variety of solvents. 
Butyl alcohol is often used for this purpose. If a metlylol derivative is heated 
with butyl aleohol in acid solution, an ether, which is soluble, is formed: RNI- 
CH,OH -- CJILOH — RNIICILOC4H, Other aleohols may be used; the 
resulting resin solution is uscf'ul iu inparting hardness to other film-forniug resius, 


UREA-FORMALDEILYDI? CON DIENSA' TES 


The simplest reaction products of urea and formaldehyde are the methylolureas. 
Hiuhorn and Hamburger (12) have described a method of preparation which consists 
of stirring 1 mole of urea with 2 moles of 37% formalin at 25-380°C. in alkaline solu- 
tion until aldehyde no longer is present. Monomethylolurea can be mace in the 
same manner using but 1 mole of formalin to 1 of urea and cooling the reaction vessel 
with ice. Formalin (87%) is added to a 10% aqueous solution of urea (eqs. 1 and 2). 


NH. NHCH;OH 

0-6 + CH:0 ———9 O-é (D 
Nu. ΝΗ. 
NH: NHCHOH 

ο-ά — 42080-—-—5 ot (2) 
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Monomethylolurea is a white crystalline solid melting at 11°C. Tt is soluble in 
cold water and in warm methanol. Dimethylolurea, melts at 126°C. to a clear 
liquid which solidifies on further heating. Dimethylolurea is soluble in cold water 
and in warm alcohol. 

The behavior of the methylolureas on heating has been studied with i view to 
clarifying the mechanism of the reaction. When dimethylolurea is heated, 0.5 mole 
of formaldehyde and i mole of water are evolved. When monomethylolures is 
heated, 1 mole of water is liberated but no formaldehyde. If alkalies are present, 
less water is evolved from dimethylolurea, aud Jess formaldehyde is liberated. The 
residue on heating dimethylolurea is elear and resinous if heating is done under 
pressure, while only amorphous powders are obtained by heating monomethylolurea. 

Products whieh have been assumed lo forniwhen methylolireas are condensed are 
the methyleneureas, a8 (ITI). A substituted methylene group oecnrs in Schiff bases 
(RN=CHR’). The existence of the methyleneurea structure in amino plasties has 
never been definitely established. The methylene compounds are unstable and 
polymerize as they are formed. Acid solutions promote the formation of methylene 
compounds, while (he methylol groups are more stable in alkaline solution. 
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The structure of methylencurea polymers (see Polymers) has usually been as- 
sumed to be linear. If this is the case, the chains cannot he very long, since the 
condensation products of monomethylolures, are not useful plastics. Walter (41) 
has presented evidence for a manometric eyclic methylencurea (formula LY), which 
is water-insoluble ancl has resinous properties. This is formed only in strongly acid 
solution. 

Much of the early literature on urea-formaldelryde condensates assumed the 
formation of linear. C-—N— C-—N-—C--N chains by polymerization of methylene 
compounds. However, most Schiff bases polymerize bo the eyelie trimers: 
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Tt has been suggested that the metliyleneureas polymerize to form such cyclic 
trimers. Thus, monomethylencurea might be expeeted to form a ring with three 
NH, groups attached which are capable of reacting with formaldehyde. The 
methylene groups Gan again form rings leading to a highly cross-linked structure, 
which is necessary for the insolubility associated with thermosetting resins: 
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Marvel (24) investigated the reaction of other amides with formaldehyde and 
found that cured condensates, much like those from urea, can be made from glycin- 
amide, NELCH:CONH.. The resin euros to an insoluble resin which in the eured 
state contains 1.5 moles of formaldehyde to 1 mole of urea, When eaminocapro- 
amide, NHe(CTT,),CON Hy, was condensed with formaldehyde and cured, the same 
molar ratio of formaldehyde ta amide was found. The cured resin was apparently 
rather more flexible than the cured ures-formaldehyde resin. However, with the 
N-methylamide of glycine, NH.CH.CONHCHs;, the trimer was formed, but 
polymerization could not he earned further, Yt was thus shown that substitution 
of any of the hydrogen atoms in the urea molecule will prevent the formation of a 
cross-linked molecule when condensed with formaldehyde. 

Iu all the study of urea-lormaldehyde condensates, the separation of large 
soluble polymers has never been accomplished. The resins, just before curing 
occurs, have average molecular weights of less than 1000. These sane low-molecu- 
lar materials are rapidly converted ta cured, insoluble resins of large molecular size. 
This behavior is consistent with the cross-linked nature of the structure formed, and 
may be further support of the eyclic structure, for onee the eyelic trimers begin to tie 
together, large insoluble molecules may be formed readily. 


THIOUREA-FORMALDENYDIG CON DENSATIS 


The chemistry of the reaction of formaldehyde with thiourea is, in general, 
believed to be much the same as with urea. However, the condensates at low 
stages are rather less soluble in water than comparable condensates from urea. Pol- 
lak (81) lias found that condensates of thiourea with formaldehyde made in alkaline 
solution do not readily give precipitates with silver nitrate solution. He attributed 
this behavior to the addition of the methylol group to the sulfa atom. When thio- 
urea and formaldehyde were allowed to react at 50°C, without the addition of alka- 
lies, crystals were deposited on cooling which melted at 97-98°C, and gave a pre- 
cipitate with silver nitrate test solution. When magnesium oxide was present, the 
precipitate was obtained only on standing, while condensation in the presence of 
sodium hydroxide gave no precipitate, Iu many patents, urea and thiourea are 
considered as equivalents, and substantially the same conditions are recommended 
for the formation of thiourea as for urea condensates with formaldehyde. 


MELAMINIE-FORMALDEHYDE CONDINSATES 


The conditions of the reaction of melamine with aqueous formalin are somewhat 
different from the reactions of urea, because of the low solubility of melamine in water. 
Reactions are usually conducted at temperatures of 80-100? C, to bring the melamine 
into solution more readily. The amino groups in melamine ean each add two methylol 
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groups, while in urea apparently only one mole of formaldehyde adds Lo each NH, 
group. Hexumethylolmelamine is formed (15) by heating melamine at 90°C. with 
an excess of neutral formaldehyde, or at room temperature for 15 hours. The hexa- 
methylolmelamine erystallizes with one molecule of water of erystallization. "he tri- 
methylol compound is formee at ordinary temperatures by using 3 moles of formalin to 
lof melamine. It is much less stable than the hexamethylolmelumine and forms a 
resin if heated. This behavior seams to favor the normal structure for melamine if the 
analogy to urea holds, for only in the NEICTISOTE structure does the dehydration. to 
the N=CH, structure occur readily, The relative stability of the hexamethylolmel- 
amine is understandable since it cuunot polymerize until formaldehyde has been 
eliminated. 

The structure of melamine-formaldehyde polymers bas almost always been 
interpreted in terms of formation of linear —--CH.—N— ehains cross-linked with the 
same type of structure, The formation of a six-membered ring by addition of three 
RN==CHy» molecules scem as plausible an explanation of the polymerization reac- 
tion as it is in the ease of urea-formaldehyde polymers. he structure of the 
polymer would be highly branched, and this is in agreement with the insolubility of 
the polymers formed: 
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Until more information is available, it is not possible to state definitely what the 
structure of cured melamine-formaldchyde polymers is. It is entirely possible that 
both eyelic and linear polymers are formed. 


SULFONAMIDE-FORMALDEILYDIZ CONDENSA'TIZS 


The molecular weight of sulfonzanide-formaldehyde polymors has been studied 
by a variety ol methods. The erude polymer was fractionated to separate the more 
soluble from the less soluble fractions. None of the fractions was appreciably 
higher than the trimer, while the most soluble fractions dicated the diner (27). 
This evidence suggests quite strongly the formation of a cyclic trimer. If linear 
polymers were formed, it would be probable that higher polymers than the trimer 
would be formed, and would be separated in the fractionation procedure. The sul- 
fonamide-formaldehyde products, since they form low polymers, are usually soft 
and thermoplastic, and are readily soluble in solvents: 
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Tf disulfonamides are used, the situation is quite different, since cross linking can 
occur, and hard insoluble resins are formed. m-Benzenedisulfonamide is typical of 
such bifunctional derivatives. - 


ANTLINE-FORMALDEHYDE CONDENSATES 


Aniline can react with formaldehyde in two ways, either to add to the NH: 
group (35) to form a methylene group, or to replace a hydrogen in the benzene ring 
to form a methylene bridge in the polymer structure. It is possible that the 
formaldehyde first adds to the NHe group and the methylene (CHa) group subse- 
quently rearranges to the ring: 
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As the condensation is carried out in acid solution, compounds containing methylol 
groups are not isolated, because, if they are formed, they soon lose water to form 
the methylene derivatives. The diphenylmethane derivative is free to react with 
formaldehyde to form links hetween molecules, resulting in a rather highly branched 
structure,  Aniline-formaldehyde polymers usually do not become as hard or as 
insoluble as urea- or melamine-[ormaldehyde resins; this suggests a much less branched 
structure. 


CNTT -H CH:O ——> (,H,N==CH, ———> 


MIXED POLYMERS 


Since formaldehyde reacts with many types of organie molecules, it is not sur- 
prising that mixtures of various materials have been condensed to produce new 
resins and plastics. Most of the amino derivatives considered here have been used 
together. Itis common practice to use melamine and urea with formaldehyde. Be- 
cause urea is much lower in cost than melamine, eost ean be reduced by its judicious 
use, often. without too great sacrifice in useful properties. Urea and thiourea have 
often been condensed together. Urea and phenol have been condensed with 
formaldehyde in an attempt to improve the water resistance of the urea resin. 
Since the rate of condensation of the two materials is not the same, one component 
may be less thoroughly utilized than the other. Aniline has been condensed with 
formaldehyde along with phenol to produce condensates that are somewhat less 
brittle than phenol-aldehyde plastics. Since the monosulfonamides form rather soft 
resins, the incorporation of some sulfonamide with urea and formaldehyde in the 
formation of urea plastics has been effected to reduce the reactivity of urea resins 
and to plasticize them. 

The above examples are conservative and conventional when compared to the 
mixtures that have been tried to form new plastics. It is only natural that two 
materials should be used together in an attempt to obtain all the desirable properties 
of both starting materials. It often happens that the resin has all the deficiencies of 
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both materials. It i$, however, sometimes more effective to blend two materials 
and condense them with formaldehyde than to blend the condensates. 

Dicyanodiamide, the starting material for melamine, can he condensed with 
formaldehyde; it can be mixed with melamine and the mixture condensed with 
formaldehyde. Often (70,81) much more dicyauodiumide than melamine is used. 
Phenol and dicyanodiamide (55) have also been used to form condensates with 
formaldehyde and used for making molding powders. 

Biuret (see above; see also Urea) has also been used us the starting material for 
amino plasties. Dimethylolbiuret (m.p., 139-140°C.) can be made by refluxing 
(80) biuret, with 37% formalin which has been neutralized to pH 7.6 with triethanol- 
amine. Molding powders or lacquers can be made From the dimethylol compound. 

Melamine and phenol have been condensed with formaldehyde (52). Iu one 
case, 3 moles of phenol and 2 moles of melamine were condensed with 11 moles of 
formalin. The mixture was made alkaline (to pH 9.1) and refluxed 1 hour, a small 
amount of acid was added (to pH 7.3) and reflux continued, A hard resin was 
obtained on dehydrating in vacuum. 

6-Hydroxyethylureas (69) can be produced by heating ethanolamine with ures 
at 180° until the theoretical amount of ammonia has been evolved. The ethanol 
ureas ean be condensed with formaldehyde in acid solution without formation of 
insoluble gels. 8-Hydroxyethylures melts at 90° when pure. Urea and di(g-hy- 
droxyethylurea ean be condensed with formaldehyde to form thermoplastic resins. 

To produce water-soluble urea-phenol condensates (74), sulfanilic acid, urea, 
phenol, and formaldehyde are condensed in alkaline solution. The sulfonie acid 
group of sulfanilic acid imparts water solubility, and equimolar quantities of ures 
and sulfanilie acid are employed. 

A mixed urea-silicon resin (60) has been suggested using ethyl orthosilicate with 
a methylated ures in butyl aleohol solution, Water is added to hydrolyze the ethyl 
silicate and initiate polymer formation. Acid catalysts may be added to effect the 
cure of the urea resin. 

The addition of a salt of an aliphatic diamine and a dibasie acid (78) to urea and 
formalin in the condensation reaction leads to formation of a resin with improved 
resistance to water and better resistance to impact. 

Amides of fatty acids may also be condensed with thiourea (71) or with urea and 
formaldehyde. Since these amides are bifunctional, they do not tend to form 
insoluble condensates. The amides of hydrogenated fish oil acids and stearamide 
have been suggested as materials to bo used with thiourca. 

Because proteins contain amide groups which condense with formaldehyde, it is 
possible to use the natural proteins, such as casein (42), with urea, thiourea, or mel- 
amine resins, It is also possible to mix the urea resin with protein; the formalde- 
hyde liberated in curing the urea-formaldehyde resin is available for condensation 
with the protein material. 

Aliphatie (58) as well as aromatic diamides may be used with urea or thiourea 
in forming condensates with formaldehyde, Diamides have two groups which can 
condense with formaldehyde and therefore do not reduce the possibility of cross 
linking as do amides of monobasie acids. However, diamides are less active than 
urea, and the second hydrogen atom is much less active. . 

Most of the literature is concerned with the reactions of formaldehyde with 

amino compounds. - The higher aldehydes do not react nearly as readily, nor do the 
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reaction products form insoluble resins readily. As we have seen earlier, the possi- 
bility of the formation of a methylene compound, —N--CH,, seems a necessary 
requirement to formation of active resins. With higher aldehydes, this structure 
cannot be formed. 

There has been some interest in condensates with unsaturated aldehydes, par- 
ticularly with acrolein, Here the unsaturated groups in the aldehyde molecule may 
possibly polymerize, and a resin may be formed by addition polymerization. Thio- 
urea (43) has been used with acrolein to form resinous condensates. An aryl car- 
boxamide or sulfonamide may also be used with acrolem. 

While melamine is the only cyclic amine to have achieved commercial impor- 
tance, many other amino diazines and amino triazines have been condensed with 
formaldehyde to produce reactive, heat-hardening resins. 

Triaminopyrimidine (46) (Formula V) can be condensed with formaldehyde to 
form a condensate which can be hardened with heat. 2,4-Diaminoquinazoline 
Gormula VI) forms a dimethylol compound which forms an insoluble resin on further 
heating. Tetraminopyrinidine formula VID condenses readily with formaldehyde 
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to form a very waterproof resin. Hydroxydiaminopyrimidine reaets readily with 
formaldehyde and ean be condensed with formaldehyde in the presence of urea, 
phenol, and sulfonamide, as can the other cyclic amines listed ahove. 

The list of possible mixed condensates is by no means complete. The literature 
of the subject is large, and the examples have been chosen to illustrate the possibili- 
ties that exist in forming mixed coudensates. Few of these materials have as yet 
achieved any commercial acceptance, except the melaminc-urea, condensates with 
formaldehyde, which offer certain advantages in some cases and economies in others 
where the less expensive urea ean be employed to replace melamine. 


FORMATION OF ETHERS 


In discussing the reactions of amines with formaldehyde, the reactions leading 
to the formation of polymers have been considered. There is another reaction 
which, although it decreases the extent of polymer formation, is exceedingly useful 
in modifying the properties of urea resins, This reaction is acetal formation, and 
proceeds readily when an alcohol and an aldehyde arc heated in acid solution: 
CH.O + 2 ROH — CH.(OR)s The same type of reaction can be carried out 
with a methylol compound, except that only one mole of alcohol reacts, forming an 
ether: RNHCH,OH + R/OH > RNHC.OR’. As long as the alechol group 
remains, a methylenamino (N=CH2) group will not form, nor will a polymer be formed 
at this part of the molecule. If part of the methylol groups reacts, the others are free 
to form the polymer, and hardening of the resin will occur. : When higher alcohols, 
butyl, capryl, and other monohydrie aleohals are used, the ethers are soluble in organic 
solvents, particularly the alcohols from which they are made, and those solutions can 
be diluted with hydrocarbon solvents; usually aromatic solvents are required. These 
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solutions, if dried and baked, form very hard films which are somewhat brittle. They 
can be modified, however, by incorporation of flexible resins. These resins often cou- 
tain alcohol groups which may condense with the urea resin to form acetals, the re- 
sulting combination having the desired flexibility. It is often necessary to choose plas- 
ticizing resins with free hydroxyl groups, to insure reaction belbween the amino resin 
and the plasticizing resin, otherwise the urea resin becomes insoluble on curing, and 
the desired plasticizing action is not effected. In many instances the condensation of 
the urea resin with the plasticizing resin is carried out in making the urea resin, bul. 
this step is not always necessary. 

It seems possible that reactions of this type oceur with many materials with 
which amino plastics are used. Celhilose has long been used successfully as a filler 
for amino plasties, and there is a possibility that a bond is established between the 
amino resin and the alcohol groups in cellulose. 

Methods of forming the methyl and higher ethers have been ceseribed (79) 
and consist of condensing urea with an excess of aqueous formalin at 90° for 20 
minutes and concentrating to a viscous sohition, which is taken up in methanol. 
Ethyl alcohol or butyl alcohol is used for the higher ethers. Concentrated hydro- 
chlorie acid is added, and the mixture allowed to stand 1 hour. ‘The solution is 
neutralized, concentrated, and distilled at 113° at 2 mm., and gives the dimethyl 
ether of dimethyloluron (VIII). The ethyl and butyl ethers have also been prepared 
and can be distilled zr vacuo. 
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Methanol reacts very readily to form ethers. The higher alechols react less 
rapidly, aud conditions are more difficult since the higher alcohols are not soluble in 
water or methylolamine solutions. In many such eases the methylolamine is first 
modified with butyl alcohol, and the solution in butyl alcohol is heated with the 
water-insoluble alechol. Such treatment has been suggested to utilize the glycols 
(59) formed by reduction of dimer fatty acids formed on heat-bodying. On heating, 
butyl alcohol may be volatilized and replaced by the less volatile glycol. Resins 
may also he incorporated by using the butyl-alcohol-soluble amino resin. Polyesters 
from glycerol, phthalic anhydride, and castor oil can be used, the hydroxy groups in 
the castor oil acids being available for reaction with the amino resin. Resins, such 
as maleic-rosin glyceride, may also be present with the castor oil alkyd (56). 


ACCELERATORS FOR AMINO RESINS 


Amino resins are usually supplied in a reactive state as molding powders, 
adhesives, and other forms, which require further condensation to achieve the de- 
sired properties. It is, however, highly desirable that the uncured materials possess 
good stability aud do uot advance appreciably on being stored for months. Such 
stability on storage is not compatible with rapid cure, so catalysts are incorporated 
with the resins or added just prior to use. Dry catalysts may, however, be incor- 
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porated with dry resins, which are stable until treated with water. The literature on 
accelerators for amino plasties and resins is extensive indeed, and reflects a great 
deal of ingenuity in devising compounds that will promote activity under conditions 
of use. Ammonium salts, particularly ammonium chloride, have been used to the 
greatest extent. The action has been explained by the hydrolysis to ammonia 
and to hydrochloric acid... The anumonia is taken up by formaldehyde, thus leaving 
the free acid to accelerate the further condensation of the amine and the aldehyde. 

The acidity of the medium is the usual means of controlling the extent and rate 
of condensation between an amine and formaldehyde. In alkaline solutions, a com- 
plete cure to an insoluble resin is probably never achieved. As acidity is ineveased, 
the rate of cure is increased proportionally, and the bydrogen-ion concentration (pH) 
usually affords a good index of the rate at which condensation between the amine and 
formaldehyde will occur. In the case of liquid applications, suelh as adhesives, it is 
convenient, to add à solution of an accelerator, but in the case of molding powders, 
addition of an accelerator just prior io use is not easily accomplished. In such cases, 
latent accelerators are usually employed, that is, materials which become active or 
liberate activating acids on the application of heat. — Organic halogen derivatives are 
favorite materials in this class since there are many such compounds which liberate 
the hydrogen halide on heating, Bromoliydroeinnamie acid is a typical example of 
this type of material. On heating to molding temperatures, hydrogen bromide is 
liberated; this causes rapid curing of the resin. Cinnamie acid (28) lias also been 
used for this purpose, If is not particularly soluble at ordinary temperatures, but 
becomes soluble at the temperature of molding. Since it is à much weaker acid 
than the mincral acids, its accelerating effect is not pronounced. l 

Among the halogen derivatives that sre useful as latent aecelerators is f- 
chlorocthylurea (83), CICH;CH;NHCONH.,. The corresponding bromine com- 
pound is also effective, as well as the 6-dibromo- and tribromocthylureas. These 
all depend on liberation of lydrochlorie or hydrobromic acid on heating to eure the 
amino resin rapidly. Esters of phosphoric acid (49) are also used, particularly 
where solubility in organic solvents is desired. From 0.1 to 295 of the weight of the 
dry resin i8 recommended, and the methyl esters and butyl esters of phosphoric acid 
are effective. Hydrolysis makes the esters active, and the acid esters, or partially 
hydrolyzed esters of phosphoric acid, have also been used. 

Amides or imides which, on hydrolysis, liberate organie acids such as phthalic 
or benzoic acid have been recommended (65) as accelerators for urea-formaldchyde 
molding powders. Among the imides that have been suggested are N-benzoyl- 
succinimide, N-phtha'oyldiphthalimide, and N-propionylphthalimide. Typical of 
the amides recommended are N-benzoyltoluencsulfonamide and N-benzoylsaccharin. 

lf the resins contain an excess of formaldehyde or reactive metlhylol. groups, 
the addition of small amounts of urea may hasten the cure. Materials which com- 
bine readily with aldehydes, such as active phenols or resorcinol, may algo be used 
as accelerators. 

Materials to stabilize amino plasties until they are used are also added, particu- 
larly in solution form. The most offective method is to adjust the pH to the neutral 
point 7. Buffer salts have been used, but often added electrolytes are undesirable. 
The lower alcohols (48), particularly methanol, have a pronounced stabilizing effect. 
The nonvolatile glycols and glycerols also have a stabilizing effect, but they also 
retard the final cure of the resin. 
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Manufacture of Amino Resins and Plastics 


Amino resins are usually produced from aqueous formaldehyde. In the case 
of the aleohol-modified resins, preparation from the anhydrous paraformaldehyde is 
somewhat simpler; however, duc to ils greater cost, it is not greatly used for this 
type of resin. The conditions of manufacture differ considerably with the type of 
resin to be produced, and this depends on the application in which it is to be used. 
Amino resins are supplied in water or aleohol solutions, and as dry powders and as 
filed powders for molding. 

Equipment for the manufacture of amine-aldehyde resins consists eliefly of 
kettles for carrying out the condensation of the amine with formaldehyde, evapo- 
rators for concentrating the resin, and some type of dryer. For the reaction kettle, 
nickel (9) has been recommended as the best material of construction. Twenty per 
cent nickel-elad stecl has been found to be satisfactory for the inner shell of the re- 
actor. The horseshoc-type agitator is used sine high-speed agitators are not useful 
with highly viscous resins. Five hundred feet per minute is the maxsimum velocity 
of the outside edge of the agitator, and the elearanee between the agitator and the 
kettle should be ahout. 1/, inch. 


UREÉA- AND MELAMINE-IFFORMALDISITY DE RESINS 

The simplest condensates are the methylolurcas or methylolmelamines, and 
these are usually prepared by mixing the amine and formaldehyde for a short time. 
A typical (45) low-stage resin is formed when urea is mixed with 2 moles of formalde- 
hyde (us 387% solution) or a slight excess. The mixture is adjusted to a slightly 
alkaline reaction, pH 7.6-8. The solution cools ox addition ol urea, which dissolves 
with the absorption of heat. The mixture is kept below 25°C. and preferably below 
15° for 2 days. The precipitate which forms is filtered off and washed with alcohol. 

Since melamine is not readily soluble in water or formalin at room temperature, 
heating to 80-90°C. for a short. time is usually employed to form methylol com- 
pounds. An example of such a method (67) comprises heating 1 mole of melamine 
with 8 moles of neutral formalin until solution of the melamine ocenrs, and for 10 
minutes more. The mixture is cooled and allowed to stand for 2 days, then filtered 
and washed with alcohol. Analysis tudieates that hexamethylolmelamiue is formed. 

A ernde trimethylolmelamine is prepared by beating 3 moles of melamine with 
10 moles of 30% formaldehyde at pH 9 for about 80 minutes. 

Adhesive resins are usually carried somewhat further than the methylol stage, 
and are offered as sirups or dry powders. Such a resin ean be prepared from urea 
(58) by heating 2 moles of formalin with 1 mole of urea, adjusted to pH 4.5-5.0 by 
addition of sodium hydroxide solution. "The mixture is refluxed 1 hour, the amount 
of excess formaldehyde is titrated with sodium sulfite, sufficient ammonia is added 
to combine with this excess to form hexamethylenetetramine, and refluxing is con- 
tinued for an hour. he solution may then be evaporated in vacuum. Many of 
the urea resins for adhesives are spray-dried to 2-3% moisture content. 

Methods used in Germany for forning urea resins for adhesives have recently 
been disclosed (21). One method consists in condensiug 1 mole of urea with 2 moles 
of 30% Formalin, The resin is concentrated at 65°C. at pH 7 to 55% resin solids. 
A minor amount of wood four, rye, or potato flour is added before spray drying. 
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Adhesive resins from melamine may be made (61) by heating melamine with 
neutral formalin at 80°C. Heating is continued until a sample becomes turbid on 
dilution with 8 parts of water. Tle solution is then cooled, and evaporated in vacuo 
toa thiek sirup. 

Resins for molding require little nore processing than do adhesive resins. 
German methods (21) are possibly not the most advanced, but are illustrative of 
methods for this type of plastie material, Two moles of urea are condensed with 3 
moles of 30% formalin, using ammonia to adjust the reaction at pH 7 throughout 
the condensation, grinding, and mixing. Alpha-cellulose was used as filler and gine 
stearate as mold lubricant. Hexamethylenetetramine and gine oxide were also 
incorporated in the mix. a@-Dichlorohydrin (0.8%) was added to the molding 
powder as the accelerator, Wood flour was used in place of the commercial alpha- 
cellulose, using equal weights of resin and filler. However, the stability of this 
wood-flour-milled material was not good. In other formulatious, 20-80% of the 
urea was replaced with thiourea. Zine sulfate was used as the hardener where 
molded parts came in contact with hot liquids. 

Another method (44) for producing a urea molding powder consists in con- 
densing I mole of urea and 2 moles of 37% formalin in alkaline solution using T/y 
mole of ammonia with a small amount of fixed alkali. This solution can be 
evaporated, fillers added, and the mixture dried and ground. Accelerators are 
added νο neutralize the alkalinity and ereate an acid medium; 0.1 to 0.2% of g- 
bromohydrocinnamie acid may be used, Lower ratios of formaldehyde to urea may 
be employed. The reaction may be carried out at 25-28°, and the water is largely 
removed by evaporating at 70°C. or below. The sirup so obtained is added to 
sulfite pulp and dried in a tunnel dryer, between 40° and 70° to below 3% moisture. 
The dried material is ground in à ball mill. Benzoyl peroxide may also be used as 
an accelerator, since, on heating, benzoie acicl is formed; the latter acts as an acid 
eatalyst for the curing of the resin, 

A" lhiourea molding materials are prepared by similar methods (54). Thiourea 
is condensed with 37% formalin in alkaline solution using sodium hydroxide solu- 
tion, The condensation is carried out for several hours, the reaction product is 
kneaded with fibrous fillers and dried. 

A mixed urea-melamme compound may be prepared from 1 mole each of mel- 
autine and urea, with 3 moles of 30% formalin (21). The pH is adjusted to 6.8 
with ammonia and then heated at 80° for 20 minutes. The solution is filtered, and 
the pH adjusted to 7.0 with sodium hydroxide solution, Cellulose and zine stearate 
(as a mold lubricant) are added, The material is then dried and ground. It is 
claimed that this resin is nearly equal in performance to one made from melamine 
alone. 

In the recently developed melamine-formaldehyde resins for treatment of 
paper, it has been found that resins formed in strongly acid solution, or aged in 
strongly acid solutions, acquire a positive charge and are more readily taken up by 
the fibers. To prepare positively charged resin solutions (72), tri- or hexamethylol- 
melamine is dissolved 1n water to about 15% solids, and 1 mole of hydrochloric acid 
per mole of methylolmelamine is added, and the solution is heated to 50°C. Free 
formaldehyde is liberated, and in both cases about 2.5 moles of formalin remain 
combined with each mole of melamine. 
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ALCOIOL-MODTFIED RESINS 


The formation of aleohol-soluble resins depends on forming ethers of the methyl 
olureas in the presence of acid catalysts. Since acid catalysts are used, which 
also will accelerate the condensation of the amine aldehyde resins, conditions must. 
be controlled to prevent precipitation of the resin. It is possible to produce rather 
low-stage modified resins, or to polymerize the resins to somewhat more viscous 
materials. 

The methyl ethers may be prepared (62) by condensing 2 moles of formaldehyde 
with 1 mole of urea at pF 4.5-5.0 under reflux for 1 hour. The solution is then 
neutralized and spray-dried. Sixty parts of the dried powder is added gradually to 
40 parts of methanol containing 1 part of maleic acid at 60°, Methyl ethers of urca- 
formaldehyde condensates have heen suggested as plasticizers for amino-formalde- 
hyde molding resins. 

The butyl-aleohol-niodified ures resins have been prepared by a variety of 
methods. The usual method consists of forming the condensation product of 
about 2 moles of aqueous formalin with 1 mole of urea in a slightly alkaline solution, 
and drying the product at moderate temperatures. Dimethylolures is the principal 
component of these resins and may be used to form the alcohol-soluble resins. The 
dry vondensate is boiled with butyl aleohol in the presence of acid catalysts and the 
water of condensation is removed with the boiling aleohol. More butyl aleoho! 
may be added to complete the condensation. The reaction is usually carried on 
until the solution obtained can be diluted with toluene without resulting in precipita- 
tion. 

It is not esyeutial to dry theurea-formaldehyde condensate (47), since a butyl- 
aleohol-modified resin can be prepared by refluxiug 60 parts of urea with 243 parts 
of 37% formalin in the presence of 5 parts ammonia water (sp.gr. 0.88) for 3 hours. 
Two moles of formaldehyde were found to have been eomhined in this treatment; 
148 parts of butanol and 2.5 parts of 75% phosphoric acid were added, and the 
mixture was dehydrated in vacuo. Butyl alcohol was added to replace the alcohol 
lost in. the dehydration. 

One gram mole of urea may be condensed at pH 8-10 with 2 to 2.5 moles of 
formalin for 1 hour at 85°C. (63). The resin is dried at 55-60° at 26—29 in. vacuum 
and added to 225 grams of hutyl alcohol containing 1 grain of 75% phosphoric acid, 
and heated nt 90-95°C. until a clear solution is obtained. The solution is then dis- 
tilled to remove water formed in the condensation and to obtain the desired solids 
content. 

Melamine-formaldehydoe resin solutions in butyl aleohol xnay be obtained (51) 
in a somewhat similar manner, Hexamethylolmelamine is stirred for an hour with 
twice its weight of butyl aleohol containing a small amount of 85% phosphoric acid. 
The mixture is then heated to its boiling point and the butyl aleohol-water azeotrope 
distills off and is condensed. The water is separated, and the aleohol layer returned 
to the reaction. The solution is evaporated to 50% resin content when dehydration 
is complete, 

Higher alcohols can be used in place of butyl] alcohol; lower alcohols are often 
added to hold the resin in solution until the ether of the higher alcohol is formed. 
Urea (66) and three times its weight of 37% formalin are heated at reflux tempera- 
ture with @-ethylhexyl alcohol and methanol in the presence of phosphoric acid. 
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More inethanol is added if neeessary to form a elear solution. The wet methanol 
which distills off is condensed and an equal volume of dry methanol added to the 
reaction vessel until dehydration is complete. More g-ethylhexyl alcohol is added 
and the solution is evaporated in vacuo until it contains less than 0.5°% methanol. 
Butyl Carbitol can be used in place of B-ethyThexyl alcohol. 


SULFONAMIDES RESINS 


Sulfonamide resins can be made (75) by refluxing equimolar amounts of the 
sulfonamide and 37% aqueous formaldehyde for 3 hours, and subsequently de- 
hydrating to form brittle, thermoplastic resins. These resins may be used as 
plasticizers, or the sulfonamides may be condensed with formaldehyde in the pres- 
ence of urea to produce internally plasticized resins. 


ANILINE-FORMALDEHYDE RESINS 


Since aniline is readily soluble in formalin in acid solution, condensation (30) 
is carried out in the presence of a strong acid, usually hydrochloric acid. The reac- 
tion between aniline and formaldehyde is exothermic. If 1 mole of formaldehyde is 
used per mole of aniline, the condensates are soluble and readily fusible. As more 
formaldehyde is coudensed with aniline, the condensate hecomes progressively less 
soluble and nearly insoluble condensates can be obtained. Fillers, either cellulose 
or mineral fillers, are added to the solution of the resin, and the resin is precipitated 
by addition of alkali. The precipitate is washed thoroughly with water and dried. 
The resins are thermoplastic, but do not have sufficiently easy flow for use in injec- 
tion molding. 


Applications of Amino Resins and Plastics 


The number of applications for amino resins las increased greatly in recent 
years (28,34). Uses for urea-formaldehyde resins have shown an especially great 
expansion in this period (8,4,6,7). During the war period, they replaced phenolic 
moldings for civilian uses to some extent, but the use of urea resins in war materials 
expanded greatly, and their use for civilian purposes was largely shut off (7). The 
fields of application may be roughly classified as those in paper manufacturing, in 
textiles, in adhesives, in molding, and in enamels and lacquers. Urea resins have 
been used in all of these fiekds and melamine resins are rapidly moving into these 
same fields, often in a somewhat different part of the field. The plastics from 
aniline have not been used so extensively and are chiefly used in molded articles, 
while the sulfonamide resins are used chiefly in lacquers. 


COMMERCIAL RESINS AND PLASTICS 


Table VII inchides many of the common commercial resins and plastics classi- 
fied according to their use. No attempt has been made to include all the commer- 
cia] varieties, but, as Tar as possible, the best-known materials in each class have 
been included. The producers and the trade names under which the particular 
resins ave sold are included. 
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TABLE VII, Common Commercial Resins and Plastics, 


Trade nome 












































Producer 
Parez | Melamine -[ormaldehyde Am. Cy. 
Uformite Urea-form: udehyde Res. Prod. 
Textile Resins 
——— Neroiex — Io  Melamine- and urca-formaldehyde Am. Cy. 
Lanaset Melamine-formaldehyde Am, Cy. 
Resloom Melamine-formaldehyde Monsanto 
Rhonite Urea-formaldehyde Rohm & Haag 
Lacet  Melamine-formaldehyde Am. Cy. 
Adhesive and Laminating Resins 
` Melmae | ΝΠ Melamine-formaldehyde Am, Cy. 
Melurac Urea- and melamine-formaldchyde Am, Cy, 
Bakelite Urea-formaldehyde Bakelite 
Plaskon Urea-formaldehyde Plaskon. 
Uformite Urea-l'ormaldehyde Res. Prod. 
Vrae Vren-formaldehydo Am, Cy. 
Cuseamite Urcea-f ormaldehyde Casoin 
Molding Pow lens S 
Beet le Urea-f ormaldehyde Am. Cy. 
Cibanite Anilince-formaldehyde Ciba 
Melmae Melumine-formuldehyde Am, Cy. 
Plaskon Urea- anc melamine-formaldelryde Plaskon 
Resimene Melamine- formaldehyde Monsanto 
Resin Solutions for Lacquers 
Beckamine Üren- and molamine-formaldehyde Reichhold 
Beetle Urea-formaldehyde Am, Cy. 
Melmae Moelamine-formaldehyde Am, Cy. 
Santolite Sulfonamide-formaldehyde Monsanto 
Plaskon Urea-formaldehyde Plaskon 
Uformite e Urca- and melamine- formaldehyde Res. P rad. 





« Am. Cy. American Cyanumid Co., Plastics Division, N.Y.; Casein, Casein Company of 
America, N. Y; Ciba, Ciba Products Corp., Hoboken, Nw; Monsanto, Monsanto Chemical Co., 
Plastics "Division, Springfield, Mass. ; Pínskon, Plaskon Division, Libbey-Owens-Vord G lass Cla. 
Taledo; Reichhold, Reichhold’ Chemicals, Inc. , Doiroit; Res, Prod., The Resinous Products & C hemi- 
eal Co. ; Philadelphia; Rohm & Faas, Rolm & Haas Co., Ine., Philade :Iphia. 


‘RESINS FOR TEXTILES 


The urea- and melamine-formaldehyde resins are being actively developed in 
the treatment of textiles (see Teatile finishing). The urea resins were the first to 
be used, since they have been available for a much longer time. The resins are 
either soluble or readily dispersible in water, and therefore they can be readily and 
economically applied. The amino-formaldechyde resins are usually laid down inside 
the fibers, and thus the treated fabrics often appear to be unchanged by the treat- 
ment. Since the cured resins are hard and brittle, their presence as a film on the 
surface of the fabrie would render it hard and stiff. The amount of resin that can 
be taken up by the fibers, before saturation and resulting surface hardness, will vary 
with the type of resin, method of application, and the type of fiber that is treated. 
Table VIII (32) shows the effect of use of various amounts of a water-soluble urea- 
formaldehyde resin on the properties of cotton and spun-rayon fabrics. It will be 
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seen that the spun rayon takes up a considerably larger amount of resin without 
becoming much stiffer. In many applications, methylolurea or methylolmelamine 
is employed, although the ethers from the lower aleohols or from glycol are also 
employed (65). A wetting agent is often added to ensure wetting out of the fabric, 
aud a catalyst to accelerate the setup of the resin. Ammonium chloride may be 
used for this purpose. A more highly polymerized resin often is less effective in 


TABLE VIII. Urea-Formaldehyde Resin iu Fabrics. 
Tesin cuntent, Stiffness Tensile strength, p 
per eent of fiber 7 i 

















Spun rayon Colton Spun rayon 
9 2.0 LIK 120 
1 2.9 114 124 
E 2.4 112 127 
8 2.5 98 130 
20 3.0 86 114 





Source: reference (32), 
mproving abrasion resistance. The low-moleeular methylol derivatives are more 
effective in improving lbe shrink resistanee of cotton, wool, und rayon. In a wide 
variety of fubries, including cotton, rayon, and woolen fabries (33), the shrinkage 
was reduced 80% by treatment with methylolmelanine, 

Methytolures and methylolmelamine, when applied to eottou fabries and cured, 
cannot be removed without destroying the fabric. It is possible that the methylol 
derivatives combine with the cellulose (68). Since cellulose is an alcohol, it may 
combine with the amino resins, although it has not been possible to measure the 
extent of combination. 

"Tho mothylolureas and methylolmolamines (83) are soluble in water on heating 
and are stable at high dilution, and their ethers with the lower alcohols are also 
readily soluble in water. The fabrics are impregnated with a 12% solution in 
water, Diammonium phosphate or ammonium chloride may be used as the 
tatalyst. To cure the resins, 30 minutes is required at 2255Τ'., but the cure is not 
entirely complete at this temperature, At 250°, 10 minutes is required while, at 
275°, 4 to 5 minutes is sufficient. The treated fabries take up certain dyes more 
slowly than untreated materials, and this behavior can be used to indicate whether 
the resin is fully eured. The treatment does not appreciably affect the appearance 
or feel of the fabrics, but shrinkage on washing is greatly reduced. 

Fabries are also treated with amino resins, in combination with other resins, to 
improve their water repelleney. In this type of treatinent, a coating of resins is 
applied to the fabrics. Urea and melamine resins modified with aleohols have been 
used with other resins to harden and reduce their stickiness at high temperatures. 
Polyvinyl butyral lias been largely used for waterproofing fabrics, and the use of 
aleohol-modified urea and melamine resins has greatly improved the heat resistance 
of the coating. 


PAPER-TRIEATING RESINS 


One use of urea and melamine resins, somewhat related to their use in textiles, 
has been in the treatment of paper pulp (see Paper; Pulp). Since the resin must 
usually be completely adsorbed on the pulp for economical operation, special resins 
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have had to be developed for the papermaking operation, The use of the resins has 
made possible the manufacture of papers of much greater wel strength, ‘The urea 
resin for such applications may be supplied as a dry powder or as a sirup with high 
solids content, The resin ig best applied in the beater. Hydrochloric acid, alumi- 
num chloride, or alum may be used as the catalyst; the alum is satisfactory and may 
be used in eonjunetion. with hydrochloric acid, Rosin size may be used with the 
urca resin to improve waler resistance, end asphalt emulsions have been used with 
urea resins in making fiberboard. About 2-3% resin (on the weight of paper) may 
be used to give good results; larger amounts do not greatly increase the wet strength. 
The urea resin size solution (6%) with catalyst (ammonium sulfate or aluminum 
chloride) is stable for several days a4 120?F. (38), but cures in 1 to 2 minutes ou 
drying the paper. 

Special resins have been developed which can be added directly to the beater (1) 
and are largely taken up by the paper pulp. The wet strength of the resin-treated 
paper is greatly increased and the dry strength is also higher. Map paper lor the 
army is usually resin-treated. Bag paper, blueprint and chart paper, and food 
wrappings have also been resin-treated to improve their wet strength. 

The preparation of melamine resins for use with paper has been earefully stud- 
ied. Resins from melamine and formaldehyde have been developed which can be 
applied in the beater or the headbox, and which are adsorbed by the paper pulp 
(25). The early resins required overnight aging in acid solution, but the aging time 
has been reduced to 3 hours. The resin is supplied as a fine powder coutaining not 
over 8% of moisture. This powder is readily soluble in water up to 20% solids 
content. Hydrochloric acid, 0.8 mole per mole of resin, is added and the solution is 
aged 3 hours at 80-100°I. The resin is more effective if added just before forming 
the sheet. The pH should he adjusted to 4. The aging process results in positively 
charged resin particles which are readily adsorbed on the paper. The treated paper 
improves in properties for several days, particularly when rolled hot and allowed to 
standin the roll, The resin is largely adsorbed by the finer fibers of the pulp. The 
treated paper is greatly improved in dry nnd wet tensile strength; in one case over 
four times the untreated wet strength was obtained, The folding and breaking 
strengths are also greatly improved by the resin treatment. During the war, thou- 
sands of tons of paper were resin-treated for the armed forces. 


ADHESIVES 


Amino resins have been widely used as adhesives (g.v.) and, as in many other 
applications, urea-formaldehyde resins have achieved the largest volume, while 
melamine resins have more recently been adopted, wherever their unusual properties 
make them desirable. One definite advantage of the urea-formaldehyde adhesives 
has been the speed with which they can be cured, and it is possible to effect a cure at 
ordinary temperatures. Since they are applied in water solution, and can be ex-. 
tended with inexpensive fillers, they are fairly low-cost adhesives. 

A variety of urea-formaldehyde adhesives are commercially available. Most 
are in the form of dry powders, but resin sirups are also available. Catalysts are 
used to cure the resins; often a choice of accelerators is offered, depending on the 
temperature at whieh the cure is to be accomplished. Some powdered resins are 
available which contain the catalyst, and which are activated by putting the resin in 
solution in water, The catalyst is also supplied separately, either as a dry powder 
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or as a solution, aud a small amount is added to the resin before use. This is often 
advantageous, since the life of a catalyzed resin solution is often only a few hours. 
Catalysts consist, of ammonium salts~-annnoninm elloride is often used—or acids 
or salts which liberate acids by hydrolysis or on heating. 

Urea resins have fairly good resistance to water even when extended with 
starch; melamine resins have rather better resistance to water and are used where 
this resistance is required. Phenolie resins are often more water-resistant, but their 
dark color and the higher temperatures usually required to eure them have limited 
their use. Fiberboard containers have been successfully laminated with urea 
resins where better strength when wet is required. Dextrin is often used to extend 
the nrea resin, and this is dissolved in water at 190°R,; the nrea-formaldelyde resin 
is added after cooling to 160°, and the catalyst is added at 130° or below. 

For laminated wood (5), the veneers are coated with a solution containing 
about 60% water-soluble urea-formaldehyde resin containing about 2% catalyst 
(on the weight of resin). Fifty pounds of wheat flour may be added to each one 
hundred pounds of resin without greatly reducing the water resistance of the ad- 
hesive. "Phe glue solution usually has a useful life of about 24 hours. The adhesive 
is spread on the veneers with grooved rubber rolls, using 30-40 Ib. of glue per 1000 
sq.ft. The veneers should be assembled. within 30 minutes of the time they are 
coated. The adhesive is cured by heating in a hot press at 220-240?F..— Temperat- 
tures as high as 300? may be used for thick sections, and relatively high pressures are 
usually required. (200- 300 p.8.1.). 

Resins are also employed which can be used for plywood at ordinary tempera- 
tures. The life of the resin solution after the catalyst las been incorporated is 
rather short, usually about; 4 hours; Low pressures are sufficient (150 p.s.i.), and 
at 100°. the cure is nearly complete in 2 hours. Higher temperatures will give 
shorter curing cyeles. A somewhat similar urea resin is used for gluing lumber 
which will set up in 30 minutes at 100?F., and at 120? in 80 minutes when extended 
with wheat flow. 

Resins from urea and melamine with formaldehyde are also available and yield 
the relatively rapid eure of the urea resins with the improved water resistance of the 
melamine resins; Mixtures of molamine-formaldehyde with urea-formaldchyde 
resins are alse employed for somewhat similar purposes. Adhesives from melamine 
and formaldehyde are available as dry powders and are used in much the same way 
as the urea-formaldehyde resins, Adhesives have been developed using special 
catalysts, which cure at temperatures as low as 140°F. and which are resistant to 
boiling water when cured. Water-soluble melamine-formaldehyde condensates 
(76) have been fownd useful in rendering cellulose ethers water-insoluble; 5 to 15% 
of resin is required. The melamine-formaldehyde resins are more ctfeetive than the 
urea-formaldehyde resins, 


LAMINATING RESINS 


Phenolic resins have been widely employed in producing laminates with paper 
and fabrics (see Lamination). The amino resins are employed in this field princi- 
pally in applications where their improved. color is required. Melaminc-formalde- 
lryde resins have superior are resistance (34), which indicates their use in some elec- 
trical applications. 

Water-soluble urea resins are usually used, but the alcohol-modified resins 
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also find application. The fabrie or paper is dipped in the resin solution, and, after 
squeezing or seraping off the excess, is dried under controlled conditions to partially 
set up the resin. The sheets are eut to size, laid up to the desired thiekness, and 
consolidated with heat and pressure (30). Table and eounter tops are familiar ex- 
amples of such laminates. Translucent laminates from ureu-lormaldchyde resins 
are used for light fixtures. Certain grades can be shaped by henting at 250-300°R, 
to give curved shapes. 

Melamine resins have recently been used for laminated articles with better heat 
resistance and surface hardness. It las been possible to obtain a heavy surface 
layer of cured resin, resulting in Improved resistance to abrasion. and belter resist- 
ance to moisture (23). The shects are cured at 140-165°C. at 1000 psi. lor a few 
minutes to several hours, depending on the thiekness of the piece. The use of glass 
fabries with melamine resins has made possible fabrication of laminates with ex- 
cellent are resistance and leat resistance (11). A water-soluble melumine-form- 
aldehyde resin is used for impregnating the glass fabric, but 5% of butyl aleohol is 
added to the water to improve wetting of the glass fibers. About 40% of resin is 
added to the fibers; more resin results in crazing, while the strength is much less 
as Che resin content is decreased. 


MOLDING RESINS 


Amino plastics derive their name from their use in molding operations (see 
Plastics). As we have seen from the applications considered above, they are now 
used in a variety of ways, all closely related to, but not strictly as, plastics. Applica- 
tion as molding materials continues to be one of the important fields in which they 
are used. Urea plastics were first developed as clear, transparent castings, Sta- 
bility of solid cast articles was never satisfactory, aud amino plastics are now 
supplied with fillers. Cellulose is the usual filler; although wood flour has been used 
(21), good stability was not achieved through its use. Paper pulps are widely used 
as fillers for urea and melamine resins. Such pulps should have at least 88% alpha- 
cellulose content (19) and less than 4% material soluble in 1% sodium hydroxide 
solution, for best results in moldings. A minimum degradation of pulp furnishes 
the most desirable filler. Of the amino plastics, the ureas are the most important in 
terms of volume. Melamine plasties are used where thoir better heat resistance or 
greater resistance to water is desired. — Aniline-formaldehyde resins, and aniline- 
phenol-formaldehyde resins, are used in special applications, particularly in molding 
electrical equipment. 

Urea plastics are supplied in granules or as a fine powder. These granules are 
about 50% urea resin with a cellulose filler. Pigments and catalysts wwe also in- 
eluded, They are available in a variety of degrees of plasticity where slow or easy 
flow is desired. The less plastic granules ean be molded at somewhat higher tem- 
peratures than the softer grades. Yor large shapes with a long draw, a long-flowiug 
type of molding material is offered. The molding compound is supplied dry and 
should be kept tightly sealed, especially in humid atmospheres. It should be stored 
as far as possible below 80*F., since prolonged storage at higher temperatures results 
in further condensation of the resin, and reduces its plasticity. 

The usual methods of molding thermosetting plastics are applicable to urea 
plastics. The granules are preformed to give pills or tablets of the desired weight, 
having a density approaching that of the finished piece. Molding of urea resins is 
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'arried out al, 280-320*TF., which can be reached at steam pressures from 40-120 
psi. Pressures of L to 4 tons per sq.in. are used. Since urea resins overeure or 
“burn” readily, a temperature of 320°F. should not be maintained for more than 2 
minutes. By preheating the molding material, considerable time can be saved in the 
molding operation, and lower pressures can be employed. Heating of preforms to 
175° before placing in the mold is effective in this respect. If higher temperatures 
are used, the time of preheating must not be too long, or the resin may harden and 
fail to mold satisfactorily. The tire required for curing the resin depends largely 
on the thickness and size of the piece and may vary from less than a minute to ten 
minutes, Urea moldings have many different, uses; familiar ones include buttons, 
clock cases, display boxes, closures, lighting reflectors, and tableware. 




















f TABLE IX. Properties of Amino Plastics.” 
ren- Aniline- 
Properties for nu ite Melamine-formaldeh yde . formaldehyde 

Cellulose í "ellilose Fabric Mineral Unfilled 
Sp.g 1.48-1.50 1.40 |1.40-1.45] 1.7-2.0 1.22-1.25 
Heat dist orlion pl. "F, 260- 280 385 --- 300 210-245 
Compression ratio 2-3 2-3. 10-15 2.1-2.5 2.5-3 
Molding temp., °F. 380- 325 280-340 | 300-370 | 280-360 300-340 
Molding pressure, 1ons/sq.in. 1-3 1-3 2-3 1-2 0. 75-1 
‘Transfer molding pressure, tons /sq.in. — 2-10 5-15 2-10 
Heat resistance continuance, °F. 170 210 230 300-400 180- -190 
Mold shrinkage, mils/in. 6-11 8-15 3-6 4-7 2-3 
Tensile str ngih, 1000 p.s.i. 8-13 8-13 -— 5-7 8-12 
Impact strength (notched Izod), ft-lb. | 0.28-0.32 0.24-0.35 0.5-0.8 | 0.3-0.4 0.32 
Water ubsorption (24 hv), 95 1-3 0.3-0.6 | 0.1-0.2 | 0.08-0.14 | 0.7-4.5 
Burning rate Very slow Nil Nil Nil Slow 
Diclectrie strength, v./mil 300-400 340 250-350 300 Π00-- G50 
Power factor (G0 cycles), % 4-4.9 3.7 — 4.5 0.2 
Power factor (108 eyelex), 6 2.65 2.0—,5 4.t 2.8 0.6. $. 8 
Dieleetrie eonst. (60 cycles) 7.6-8.2 7.9 — 7.7 2 5 
Thieleetrie const, (109 eyeles) 6.6 7.0 7.2 5.7 5 
Tracking resistance — Exe. Fair E xe. — 
Are resistance, sec. 120 125 111 130- 190 — 

















a Fillers in italics. 


Melamine resin molding compounds are available in several varicties, depending 
on the filler employed-—eellulose-filled, mineral-filled, and chopped-fabrie-filled. 
The eellulose-filled variety is molded under much the same conditions as urea resins, 
except that the temperature of molding can be carried to 840°. Momentary ro- 
lease of pressure toward the enc of the cycle to relieve gas pressure may be necessary. 
When good electrical properties are required, a mineral-filled melamine molding 
compound is employed. Mica, asbestos, and to a less extent talc, are typical 
mineral fillers. ‘These mineral-filled compounds are supplied in three degrees of flow 

—goft, medium, and hard, "Phe soft variety flows at about one-half the pressure 
required by the usual soft phenolie or urea molding materials. The mineral-filled 
materials have a rather long curing eycele—2 to 15 minutes may be required. Trans- 
fer molding may be used to advantage where elose tolerances must be met. The 
fabrie-flled melamine resins are used when high resistance to shock is required; 
their molding is comparable to that of other bulky molding materials. High pres- 
sures, 5-16 tons per &q.in., are needed to mold these materials, 

-Aniline-formaldehyde molding materials are thermoplastic, but are not plastic 
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enough to be used for injection molding. The moldings are translucent nd are 
reddish-brown. Aniline-formaldeliyde resins are notable for good electrical proper- 
ties, and the low-loss properties are not greatly decreased on prolonged exposure to 
moisture. Aniline-lormaldehyde plasties are available in sheets '/i@ to Lin, thick 
and in vods. Tubes are formed by heating the sheets and forming. Varnishes of 
aniline-formaldchyde resins are also available. 

Some of the properties of molded amino plastics are shown in Table TX. For 
details on the tests reported, sec Plastics. Specifications have bee established for 
three types of urea-formaldehyde and four types of melamine-formaldehyde plastics; 
see Table X. "Phe impact strength of urea moldings bas been found to show con- 
siderable loss oi aging 1 year (18). Soaking in water lowers the impact strength 
about 25%. After holding urea moldings 4 weeks at 65°, the moisture resistance 
was slightly lowered. 
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Properties formaldehyde" Melatnine-formuiddeliydeb 2 
des 1, 2, und $ 2 3 

Sp.gr. (25?C.) 1.45-1.55 1.45-1.55 | 1.70-2.20 | 1.45-1.55 | 1.4-1.5 
Flexural strength (min.), p.s.i. 10,000 9,000 7,500 10,500 13,000 
Impact sivength (motehed 

Taod), ft-lb. 0,20 0.20 0.25 0.55 0.00 
Water absorption (24 hr), "5 3.0 1.8 0.15 1.0 1.1 
Dielectric strength (min.) 

Short time 300 300 300 300 160 

Step by step 250 250 250 230 125 
Arc resistanoe, (min.), scc.^ 90 50 120 120 8 


Source: reference (1). 


@ Grade 1: a general-purpose molding compound containing vlpha-cellulose. Grade 2: a 
general-purpose molding compound containing filler other than. alpha-eellulose, — Gaude §: an are- 
resistant molding compound with a eclhilose filler. 

b Grade 1, with cellulose filler; grade 2, with mineral filler; grade 3, with chopped cotton rag filler; 
grade 4 melamine—pheno] (85-15)-formaldehyde, with chopped cotton rug filler, 

e Only grade 3 urea-formaldehyde is required ο meet this test. 


COATING RESINS 


Amino resins are seldom used alone in coatings (q.v.) since they are too brittle 
for most applications. They find their ehiof use as hardening agents for softer, 
more flexible coating materials. Alkyd resins are chiefly used for this purpose; the 
plasticizing and drying type of alkyds can both be employed. The color is lighter 
with nondrying alkyds, and the faster-drying types of alkyds usually are found to 
impart more color. Not all alkyd resins are applicable with amino resins, but 
several alkyds have been developed for use with amino resins, 

Of the amino resins the urea- and melamine-formaldehyde resins modified with 
butyl alcohol or with capryl alcohol are usually used. Resins modified with alcohols 
lower than propyl aleohol eaunot be readily blended with the alkyds, nor can they 
be diluted with hydrocarbon solvents. "he eapryl-aleoholanodified resins are nisci- 
ble with a greater variety of resins, and can be used with a few oleoresinous vehicles. 
Melamine resins bear their usual relation to the urea resins, being more expensive at 
the present time, but having certain superior characteristics, particularly grester 
hardness and better heat resistance, In most vehicles in which these resins are used, 
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they are present in a minor amount, and often represent from 20 to 33% of the resin 
content. 

Siuce alkyd resins often contain hydroxyl groups and can be used as aleohols, 
it is possible to condense the methylolureas with the alkyd resin to obtain alkyd- 
modified urea resins. The conditious for producing homogeneous vehicles are 
rather limited. These alkyd-moditied urea resins can be used alone or may be used 
in conjunction with other alkyd resins. 

‘The urea-formaldehyde resins modified with butyl alcohol are supplied in solu- 
tion in butyl aleohol, or in butyl aleohol-xylene mixtures, and have a solids content 
of 50-60%. The capryl-aleohol-modified resins usually are supplied in solution in 
sapryl alcobol. The alkyd resin solution is usually used as the grinding vehicle to 
disperse the pigments, although some of the urea solutions may be used. The ratio 
of alkyd resin to urea resin solution varies principally with the type of alkyd resin 
used. With the nondrying alkyds, such as castor oil-phthalic alkyds, and the 
sebacie acid alkyds, equal amounts of urea and alkyd resiu may be employed. This 
is usually the upper limit, and more alkyd than urea resin is often used. With the 
drying type of alkyds, 2 to 4 parts of alkyd resin may be used to 1 part of urea resin, 
The resins are usually baked to dry the alkyd resin and complete the condensation 
of the urea resin, Phosphorie acid esters have been suggested to effect hardening 
of urea resins at ordinary temperatures (16). The usual baking schedules begin at 
225°F., at which temperature 60 minutes is required. At 300?F, the baking cycle 
is 20 minutes. Higher temperatures will lead to some discoloration in white enamels, 
but in colors, 350° can be used and 15 minutes is sufficient. Greater harduess can be 
achieved with the use of higher temperatures (17), and enamels baked at 300° 
will develop considerably greater hardness than those baked at lower temperatures. 

Melamine-formaldehyde resins, when modified with butyl alcohol or capryl 
alcohol, are used in very much the same way as the urea resins. They impart 
greater hardness with alkyds at the same ratio of amino resin to alkyd, und can be 
used to give the same hardness with lower amounts of melamine resin. Iligher 
temperatures ean be employed in baking the melamine rosins without causing dis- 
coloration of white enamels. Alcohol-modified melamine-aldehyde resins are 
miseible with a wide variety of natural and synthetic resins (82), including dammar, 
rosin resins, indene polymers, aud cellulose ethers. Melamine alcohol-modified 
resins are generally somewhat more miscible than the urea resing (15). Acid 
catalysts have been used with melamine resins, but the acidity of the alkyd resin is 
often sufficient to effect a satisfactory eure. 

Finishes employing amino resins are characterized by unusual hardness, mar 
resistance, and stability on outdoor exposure. They are often used for automobiles, 
refrigerators, washing machines, machinery, kitchen cabinets, and many household 
and industrial appliances. 

The sulfonamides have been used as plasticizers for nitrocellulose, for proteins, 
for cellulose acetate, and for shellac. Mixtures of o- and p-toluenesulfonamides, 
and a mixture of o- and p-ethyltoluenesuifonamides, arc used for this purpose. 
When the toluenesulfonamides are condensed with formaldehyde, resins are obtained 
which vary from soft, sticky balsams to low-melting, hard resins. They may be 
used with cellulose esters and ethers, and are often advantageously used with plasti- 
cizers, where they may improve the retention of the plasticizers. They are useful in 
heat-sealing lacquers, particularly in conjunction with nitrocellulose. 
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MISCELLANEOUS APPLICATIONS 


It has not been possible to consider all the methods of utilizing amino resius 
under the headings considered above, and many new applications for these resins 
are being developed. 

The use of melamine-formaldebyde and other amine-formaldehyde resins. has 
been reported for treating water to remove anions (see Jon exchange). Resins are 
formed and rendered water-insoluble; they contain free NT; groups, which combine 
with the acid radicals in the water that is treated. Th is thus possible, Dy using anion- 
exchanging resins together with cation-exchanging resins, to produce ion-free water by 
filtering through beds of the resins. The resins are revivified by treatment with an 
alkali, often sodium hydroxide, which removes the acidi¢ constituents from the resin. 
Ti sulfates are present in the water, they are taken up by the resin and sodium sulfute 
is formed on regenerating the vesin. Melamine-formuldelyde resing have been de- 
veloped for these types of uses; resins from aliphatic dinmines are also used, 

Water-soluble urea-formaldehyde resins have been used (50) with plaster of 
Paris to improve the set of the plaster; parts ean be molded under pressure from 
mixtures of dhe urea resin and plaster. Cores for the molding of metal parts have 
recently been found to be improved by use of water-soluble urea-forinaldehyde 
resins; the resin is mixed with sand and baked; when the hot metal is poured into 
the mold, much of the resin is destroyed, leaving a surface that collapses readily and 
allows ready withdrawal of tie molded part. 

Foamed urea resins have been suggested as insulating materials, — Water- 
soluble resins are beaten to a foam of desired density and eured by addition of suit- 
able catalysts. Wood four or other fillers have been added to improve the strength. 
The foam sets as the resin cures and is carefully dried. If the density of the dry 
foam is about. 0.05, the material develops eracks on drying, and materials of lower 
density than 0.05 are rather fragile and easily broken. However, if, has been found 
(84) that low-density, foamed urea resins can be collapsed under pressure to improve 
their strength. Foamed urea resins have been used in aircraft 1o fill dead air 
spaces in which explosive mixtures might collect. 

Since cured urea resins ave insoluble in orgauie solvents, they ean be used to scal 
asphalt (57) und prevent it from staining painted surfaces, 

Dimethylolurea is a commercial material and is the first step in formation of 
urea resins. tis desirable iu many cases to use more highly polymerized niaterials 
than dimethylolurea, but, in cases where penetration of fibrous materials is desired, 
the smaller the molecule, the better the penetration. — Thus, dimethylolurea is well 
adapted for such uses. It has been found that aqueous solutions of dimethylolurea 
of ahout.25% concentration will readily penetrate wood. Plywood may be treated 
in this way, and thicker sections are also impregnated. Pressure may be used to 
effect deeper penetration of the solution, and alternate vacuum and pressure are 
even more effective. The wood is swollen by the saturation and may double its 
weight. The solution should he held close to neutral, and should not bo allowed to 
become more acid thau pH 6. Often dimethlylolurea lus a higher eontent of 
methylol groups than is required, and 1 to 2 parts of urea is used with 6 parts of 
dimethylolurea. The treated wood is dried carefully; temperatures above 240?F. 
are required to render the resin insoluble. ‘The resulting wood is much harder than 
untreated wood and is somewhat heavier. It is remarkably water-resistant aud 
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swells but shghtly on prolonged exposure to water. The treatment has been 
recommended for veneers, furniture, flooring, boats, and office equipment. 


Identification of Amino Resins and Plasties 


Amino plasties are used in such a wide variety of ways and so often where other 
types of resins may be employed that it is often desirable to identify the material 
quickly. Tests by heating (30) a sumple of the plastic material are often used for 
rapid characterization, Urea, thiourea, and melamine plasties are thermosetting 
and are not softened by heat. Aniline-formaldehyde resins are readily softened by 
heat, and burn readily giving off black smoke and the odor of formaldehyde. Urea 
and melamine plasties burn with difficulty, and the odor of formaldehyde is noatice- 
able from both materials, A sodimn fusion with a positive test for nitrogen will 
indicate the presence of amino resins aud, if sulfur also is found present, thiourea 
resins are indicated if the resin is not thermoplastic. 

Tests have beeu developed. (37) for identifying urea or melamine resins on 
treated paper. "Phe philorogluceinol test, applied by boiling with the acid test solu- 
tion and rendering the solution alkaline, will establish the presence of formaldehyde 
in the resin. The biuret test is used to establish the presence of proteins. — Preeipi- 
tation of a hydrolyzed sample with xanthydrol indicates the presence of urea and 
may be used for a quantitative estimate, Dyeing the resin-treated paper with 
special dyes (37) indicates the presence of resin treatinent and will distinguish them 
from protein-treated papers. 
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AMINO SUGARS. Sec Carbohydrates, 
AMMINES; AMMINO COMPOUNDS. See Coordination compounds. 
AMMODENDRINE, Ci HasN5O. See Alkaloids. 


AMMONIA 


Physical and Ghemical Properties; By-Product Ammonia, 778; Synthetic Am- 
monia, 782; Storage, Shipping, Safety, and Analysis, 803; Uses, 805. 

Ammonia, NHs3, formula weight 17.08, is a colorless alkaline gas at atmospheric 
pressure, lighter than air, and possesses a characteristic penetrating odor. 

Methods for preparing the most common of the ammonium salts have been 
known for a long time. The early Egyptians made use of ammonium chloride, said ta 
have been first obtained about the fourth century B.C, from the soot of camels’ dung 
near the temple of Jupiter Ammon, which they called salt of ammon or sal ammonzac. 
At about the sume time the Arabs were using ammonium earbonate, which they called 
hartshorn, prepared by the destructive distillation of the antlers of the hart. The 
use of an ammonia-witer solution has been mentioned by the alchemists. In the latter 
part of the 18th century ammonia gas was isolated by Priestley, who trapped it over a 
mercury bath. Priestley also demonstrated that ammonia gas could be decomposed by . 
passing it over a hot wire or through an electric spark, Van Scheele first identified the 
component gases, while Berthollet and Henry discovered that quantitatively they ton- 
sisted of three purts hydrogen aud oue part nitrogen. 

Ammonia was obtained commercially for many years chiefly as a by-product in 
the manufacture of coke and gas from coal, and considerable quantities are still so pro- 
duced. The most important method now, however, is direet synthesis from nitrogen 
and hydrogen, These two methods are discussed below. A third method, of some im- 
portance during and shortly after World War I, is the cyanamide process, which in- 
volves the fixation of atanospherie nitrogen as calcium cyanamide, CaCNe, and the 
reaction of the cyanamide with steam to form ammonia. (See Cyanamides.) 


Physical and Chemical Properties 


Constants. B.p., —33.35° hg Lp. —77.7; erit. temp., 133.0; erit. pressure, 1057 
p.si.  Sp.heat, at 1 atm.: at 0°C., 0.5009; at 100?C., 0.5317; at 200?C., 0.5029. 
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Fig. 1. Vapor pressure of anhydrous ammonia. Fig. 2. Density of anhydrons ammonia. 
heavy as water. Phe liquid has high 
14000 —— -- | rapor pressure at ordinary lemperature 
250 and commercial shipment in pressure 
12,000 |~ containers is uecessary, Ammonia Is 
readily absorbed in water to make the 
10.000 74700 ammonia Lquor of commerec. The 
T effect of temperature on. vapor pressure 
E 8000 το ἃ and density of aulrydrous ammonia is 
g 59$  showu in Figures Land 2, and a total 
8 vapor pressure οἵ aqueous ammonia iu 
Ἡ 6000 x k : 
= 100 Figure 3, Figure 4 shows the variation 
with temperature of the latent heat of 
4000 vaporization and of the heat content of 
50 liquid and vapor; the curves have been 
2000 extended to the eritieal temperature in 
order to show their characteristics moro 
ο ΕΕΕΕΕΕΕ miO cles ame i ` 
é e P a 3 ud learly, namely, thaf the latent hea 
AMMONIA, mole per cent becomes zero and the heat content at 
Fig.3. Vapor pressure of aqua ammonia (ref, 37). liquid: and vapor became identical it 
TABLE I. Densities of Aqueous Solutions of Ammonia. 
Am n | τ P un ΓΤ » a dul]. Ad ΜΝ 
uei d di at aS di d! d? d? "p by Wi ay 
1 — | 0.9943 | 0.9954 | 0.9959 | 0.9958 | 0.9055 | 0.0039 | 0.908 | 32 | 0.880. 
2 ~~ 0.9906 | 0.9015 | 0.9919 | 0.9917 | 0.9913 | 0.9805 | 0. 988 36 0.877 
4 -— 0.9834 | 0.0840 | 0,0842 | 0.9837 | 0.0832 | O.OSTL | Q.080 4Q 0.865 
8 0.970 ; 0.9701 | 0.9701 | 0.9605 | 0.0086 | 0.9077 | 0.9551 | 0.004 45 0.849 
12 0.058 | 0.9576 | 0.9571 | 0.0561 | 0.9548 | 0.9584 | 0,9501 | 0.948 50 0.832 
16 0.947 | 0.9461 | 0.9450 | 0.0435 | 0.0420 | 0.0402 | 0.0362 | 0.034 00 0.790 
20 — 0.9358 | 0.0835 | 0.9816 | 0.9290 | 0.0275 | 0.0220 - 70 0.755 
24 — 0.0249 | 0.0226 | 0.9202 | 0.0170 | 0.0155 | Q.0101 --- 80 0.711 
28 --- 0.9150 | 0.9122 | 0.9004 | 0.9007 | 0.9040 | 0.8080 -- 90 0.605 
30 — 0. 9101 0.9070 | 0.t 1040 0. 9012 0. 8983 0. 8920 --- 100 0. 618. 


Source: J. IL Perry, Chemical lingineers > Handbook, 2md ed., MeGraw-Hill N. Y, 





1941, p. 412. 
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TABLE IL. Integral Heats of Solution of Liquid Ammonia. 














Arumoni: n % by whe (B " u. per ‘Th. of mixture B.t.u. per Ib. ot anmimani 1 

0 0 358.0 
10 34.4 313.8 
20 65.7 328.5 
30 92.8 308.2 
JO 108.2 270.0 
50 109.4 218.8 
60 169.7 
70 121.1 
80 75.8 
90 35.5 





t00 








Boureo: J. H. Perry, U hemical En ingineers? Handbook, 2nd ed., MeGras- Hil, NA Y., 1941, p. 2512. 


. . . . ! ` e 
the critical temperature, Considerable heat is evolved during the solution of the gas 
in water. Approximately 937 B.tat is evolved when 1 Ib. of ammonia gas is dissolved 
in water, and Table IE gives integral 
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waler. ο 
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Fig. 4. Latent heat of vaporization and heat con- 
tent of saturated ammonia vapor and liquid. 


support ordinary combustion, but it 
does burn with a yellowish flame in an 
atmosphere of air or oxygen, The igni- 
tion temperature of amimonia-air mixtures is 780?C..— The preducts of combustion 
are manmly nitrogen and water, but small traces of ammonium nitrate and nitrogen 
dioxide are also found. 


Under certain conditions, mixtures of aminonia and air will explode when ignited. 
The explosive range l'or dry ammonia -air mixture is about 16-25% ammonia. The 
explosive range is broadened by (a) admixture with other combnstible gases such as 
hydrogen; (b) admixture ol oxygen replacing air: and (e) temperatures and pressures 
higher thau atmospheric. 

Gaseous ammonia is oxidized to water and nitrogen by many oxides, for example, 
copper oxide. If a stream of the gas is passed over heated copper oxide, the following 
reaction takes plee: 


3 CuO + 2 NIT, ——— 3 Cu -H Ne + 3 EO 


This type of reaction occurs when ammonia is heated to a relatively high temperature 
with oxides of the less positive metals, that is, those to which the oxygen is less firmly 
bound. Oxidizing agents if sufficiently powerful will bring about a similar reaction at 
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ordinary temperatures. With potassium permanganate the follawing reaction occurs: 
2 NH; + 2 IKMnO, ———— 2 KOIIL + 2 MnQ, + 2 FLO + Na 


The action of chlorine on anunonia ean also be regarded as an oxidation reaction: 





SNH, 4- 3 Cl — > No + 6 NICI 
Ammonia tn be oxidized to nitrie oxide by passing a mixture ol air and 1095 ammonia 
through a catalyst at elevated temperature as shown by the equation: 
4 NH, + § Oy -—-—— 4 NO -F 6 HO 
The nitric oxide thus formed reacts further with oxygen to form nitrogen dioxide, 
which is absorbed in water forming nitric acid: 
2 NO + O: ——— 2 NO: 
3 NO: + IIO -————9 2 HNOg + NO 


The entalyst in general use to effect the oxidation of anumonin is a plalintun gauze. 
Base-metal eatalysts are also used to promote ammonia oxidation, Reducing agents 
in general are without action on ammonia, 

Ammonii is a comparatively stable gas at ordinary temperatures. At elevated 
temperatures it begins to decompose into its components, hydrogen and nitrogen. The 
rate of decomposition is greatly affected by the nature of the surfaces with which the 
gas comes in contact. While glass is very inactive, porcelain and pumice have a cise 
tinct accelerating effect, Metals sich as iron, nickel, osmium, zine, and uranium have 
a very distinct accelerating effect. Under atmospheric pressure, dissociation of am- 
monia begins at about 460-500°C. In the presence of catalysts, dissociation of am- 
monia begins as low as 300°C, and is nearly complete at 500-600°C. At LO00°C., 
however, a trace of ammonia remains. In the presence of a catalyst, ammonia tends 
to approach equilibrium with its components, as indieated in. Figure 10. 

Liquid ammonia has become am important 3onizing sol vent, (see A ezd-buse systems; 
Nitrogen system). 

At ordinary temperatures, potassium dissolves in liquid anunonia but. the eon- 
version of a sinall amount of the metallic potassium to the metallic amide takes several 
days. A spiral of iron wire acts as an efficient entalyst, causing à vigorous evolution of 
hydrogen and the conversion of a considerable unmount of the pobussium to the amide: 

2K -E2NH;-——— 2 KNH. -F IT, 


By upplying the same tecluique used in making potassium amide, sodium 
amide, a white solid, enu be formed: 


2 Na 4-2 NH; ——-— 2 NaN He -+ Ha 
Lithium amide results when metallic lithium is heated in a streani of gaseous 
ammonia, Lithium amide may also be prepared by the action of liquicl ammonia on 
lithium in the presence of platinum black. The amides of the alkali metals cean also be 
prepared by double-decomposition reactions in liquicl ammonia, LMxamples of this 
type of reaction are: 
Lil + KNH, ——-—> LIN, 4- KI 
Nal -- KN EH, 2 NaNHs -- KT 





When ammonia is heated with a more active metal, such as magnesium, a nitride: 
is formed: 
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3 Mg + 2 NH, ——> MgN: + 3 IH; 


The nitrides of calcium, strontium, and barium may be formed by heating the respec- 
tive amides. Many other nitrides, amides, aiid imides are reported by Franklm (11). 

Chiorine, bromine, and iodine all react with ammonia. The initial stages of the 
reactions are similar, although the final products are quite different. The action of 
chlorine or bromine upon ammonia solution, where the ammonia is in exeess, resulis 
in the liberation of nitrogen and the formation of the corresponding salt, either chloride 
or bromide. It is quite probable that substitution first takes place and that the result- 
ing trihalide combines loosely with another molecule of ammonia, for example, NCI,- 
NH. . These trichloro and tribromo compounds are very uustable and decompose in 
the presence of excess ammonia to form the ammonium chloride or bromide and free 
nilrogen: 

NOh.NHa 4-8 NIT; ———— Ns 4- 3 NH,CI 


The iodine compound is more stable and separates as so-called “nitrogen iodide,” 
NL.NEH,, an insoluble brownish-black solid. When exposed to light in the presence of 
ammonia, it decomposes in the same way as the chlorine or bromine derivatives. 
NIL.NH;-—-——9 Ns 4-3HI 
NLNH; 4- 3 HI ——— 2 NH, 4- 3I, 





With the ammonium salts, however, tle action is different. Chlorine replaces hydro- 
gen and yellow droplets separate, This material, whieh is oily in nature, is nitrogen 
chloride. 

NEAGI + 8 Cl ———> NCI, + 4 HCI 


The hydrogen of the ammonium salt is not replaced by bromine and iodme. These 
elements combine with the salt forming perhalides: 


NEBr + Br, ———> NHiBr; 


A number of perhalides are known, and one of the most stable is ammonium tetra- 
ehloroiodide, NH4ICl, Ammonia reacts with chlorine in dilute solution to give chlor- 
amines (see Chlorine compounds, inorganic). This is an important reaction in water 
purification. Depending upon the pH of the water being treated, either monochlor- 
wanine (NHC) or dichloramine (NHCl) will be formed. In the dilutions encountered 
in water-works practice, monochloranine is nearly always found except in the cases of 
very acid waters. 
Ammonia reacts with phosphorus vapor at red heat to give nitrogen and phos- 
phine: 
2 NH, + 22 ———> 2 PH; + Ne 
Sulfur vapor and ammonia react to give ammonium sulfide and nitrogen: 
8 NH; + 3 5 ———> 3 (NIS + N: 
Sulfur also reacts with liquid anhydrous ammonia to produce nitrogen sulfide: 
10 S -+ 4 NE; me 6 Hs + NS: 
When brought in contact with carbon at red heat, ammonia reacts to form ammonium 
eyanide, 
Ammonia forms a great variety of “addition compounds” (g.v.} or coordination 
compounds (g.v.). Compounds regarded as addition compounds are often called 
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ammoniates, in analogy with hydrates. Thus CaCla GNIT; and. Cus044NTI are com- 
parable to. CaCl.6H30. and. CuSO, 5H3,0, respeetively.. Such. compounds when re- 
garded as coordination compounds are often ealled azaniues and written as complexes: 
[Cu(NH,)4]SO4. The solubility in water of such compounds with ammonia is often 
quite different from the solubility of the salts themselves. Tor example, silver 
chloride, AgCl, is almost insoluble in water, whereas its compound. witli ammonia, 
JAg(NH,)2]Cl, is readily soluble in water. Thus precipitated silver chloride dissolves 
when a water solution of pmmonit is added. Similar reactions take place with other 
salts that are insoluble in water, such as silver phosphate and euprous chloride. An 
aqueous solution of ammonia also dissolves many weter-insolt le oxides and. hydrox- 
ides, such as silver oxide, AgvQ, and copper hydroxide, Cu(OIT.— Many of the above 
reactions are used in analytieal chemistry. Many of the substances containing am- 
monia combined in the manner desertbed above can be obtained in a erystalline state, 
This is particularly true of compounds contiuniug cobalt, ehromium, wul platinum, 
whieh are known as cobalt, eliromium, or platinum animines, 

One of the most interesting properties of ammonia is the alkaline eharaeter of its 
nqueous solution. I6 turns red litmus blue, yellow turmerie paper brown, aud is alka- 
line to such incicators as methyl orange and methyl red, The solution is a conductor | 
of electricity and in general it reacts like a base. The reaction between ammonia and 
water is a reversible one: 


NIL + IRO g NILOH 





As the temperature rises, the decomposition indicated by the equation when read from 
right to left takes place rapidly. At the boiling point of water itis practically com- 
plete. 

Ammonium hydroxide is a comparatively weak base, The extent to which a soli- 
tion of mnmonia ionizes in water js much less than is the case with sodium hydroxide, 
NaOH. Ilionizes us follows: 


NI + HO ga NILON g NUY -OHS 





In a molar solution of ammonia, the concentration of the hydroxyl ion is about ./en0 
that of the hydroxyl-ion concentration in a molar solution of sodium hydroxide. 

Tf an aqueous solution of ammonia is neutralized with an acid, nitric, hydrochloric, 
or sulfuric, the corresponding salt is formed (ammonium nitrate, chloride, or sulfate). 
Ammonia is present in these compounds as a univalent radieal, NEL, whieh is referred 
to as ammonium. This radical behaves in a manner similar to such metallic stoms as 
sodium or potassium. 

Tt should be pointed ow. that gaseous ammonia is capable of neutralizing acids 
without the formation ol water (sec Aeid-base systems), Aqueous ammonia also acis 
asa base in precipitating metallie hydroxides from solutions of their sals. Some of 
these redissolve in excess ammonia solution, forming complex ions. For example, 
with ferric salts, ferrie hydroxide is precipitated: 


FeCl; 4-3 NIL,OI] ————9 FetOlDa -- 3 NIBCI 
However, with copper sulfate solution the cupric hyclvoxide, which is at first precipi- 


tated, redissolves in excess ammonium hydroxide owing to the formation of the cont- 
plex “cuprammoniuny”’ (tetramminecopper(IL)) ion: 


AMMONIA TTT 


CuSO, -+ 2 NH,OH —— > Ca(OH): -+ (NHS 
Cu(OH)2. ———> Cu?+ ++ 2 OH7 





4A NH, + Cut? 





[Cu(NH,)}* 


The alkali metals and alkaline earth metals are readily soluble in ammonia 
Metallic magnesium is only slightly soluble. Iodine, sulfur, and phosphorus also dis: 
solve in ammonia. In the presence of oxygen, copper is attacked quite readily by 
ammonia. Most of the fluorides are insoluble in liquid ammonia. Potassium, silver, 
and uranium are reported as only slightly soluble. Ammonium chloride and beryllium 
chloride ave very soluble, while most of the other metallic chlorides are either slightly 
soluble or insoluble. Bromides are in general more soluble in ammonia than chlorides, 
and most of (he iodides are more or less soluble. Oxides, hydroxides, sulfates, sulfites, 
and carbonates are in general quite insoluble. Nitrates, ammonium nitrate for ex- 
ample, and urea are soluble in anhydrous and in aqueous ammonia. This is a property 
that makes possible the production of fertilizer ammoniating solutions (see "Uses," 
page 805). Many organie compounds, such as amines, nitro compounds, and aromatic 
sulfonic acids, also dissolve in liquid ammonia. (See Acid-base systems; Nitrogen 
system.) 

The double decomposition in which ammonia is a reactant is known as ammo- 
nolysis (g.v.). The substitution in a compound of an —NH: group for such univalent 
substituents as —Cl, —OH, and —SO4H is known as amination by ammonolysis, 
Four classes of compounds ean be so treated with ammonia. The first and most im- 
portant class consists of those intermediates that contain halogen substituents, for 


example: 
+ 2NH, ——— ) + NHC 


N Os 
p-nitrochlorobenzene p-nitr mE 


Cl 


The second class includes the compounds containing a sulfonic acid radical, for ex- 
J 


ample: 
1 
(OO SO Na oxidizing oN ΝΗ; 
J ο... UL «-| NaNH4S0, 
agent 
| 
Q 


0 


sodium 2-anthraquinonesulfonate 2-aminoanthraquinone 


The third class comprises the compounds coutaining a hydroxyl group, and the alde- 
hydes, for example: 


—O1L N OM, [—N Ha 
CNSNHGSO. -+ Π.Ο 


B-naphthol B-naphthylamine 
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The fourth class consists of aromatic compounds possessing a labile nitro group, for 
example: 
CH; CH; 


ποια onm Cl” NE 
—— 
Nü- ΝΟ. 
5,6-dinitro-o-chlorotoluene - 6-ehloro-3-nitro-o-toluidine 


Anhydrous ammonia as well as aqueous can be used in the amination of aromatic 
compounds, but use of the latter is more usual in practice. When anhydrous ammonia 
is used in liquid-phase operations, an inert solvent is nearly always used. 


By-Product Ammonia 


Before the rise of the synthetic-ammonia industry, the principal source of ammonia 
was the by-product obtained in the coking of coal. (See Carbonization.) The type of 
coal suitable for use in by-product coke ovens contains on the average about 1.5% 
nitrogen. The nitrogen in the coal is generally considered to have been derived from 
degradation products of vegetable proteins and is said to be present as amino com- 
pounds and ag nitrogen ring compounds probably of the pyrrole type, Tu the coking 
operation, part of the nitrogen originally present in the coal is liberated as ammonia 
and is recovered from the eoke-oven gases as ammonium sulfate or as ammonia liquor. 
About 15-20% of the original nitrogen in the coal, or approximately 5.5 to 6.5 Ib. of 
ammonia per ton of coal coked, is recoverable as ammonia, 

In the U.S. the bulls of the by-product ammonia is recovered as ammonium sulfate. 
In 1944 the domestic production of by-product ammonia was approximately 236,000 
tons of ammonia as ammonium sulfate, compared to 34,100 tons of ammonia as 
ammonia liquor. 


TABLE IW. U.S. Production of By-Produet Ammonium Sulfate. 


Year Net tons Year 








Net tons 

Ἴ 1937 644,870 1942 766,800 
1938 436,930 1943 817,000 

1939 580,270 1944. 845,000 

1941 868,000 





745,200 1945 


AMMONIUM SULFATE 

Two processes for the recovery of annnonium sulfate from coke-oven gases ure 
generally used in the U.S. They are known as the inclirect process and the semidirect 
process. In the indirect process, ammonia is recovered from coke-oven gas a8 ammonia 
liquor by condensation and water scrubbing of the gas. The crude anmmonia liquor is 
then distilled and the ammonia vapors obtained are absorbed in sulfuric acid contained 
in a vessel or saturator for the production of ammonium sulfate. In the semidirect 
process, which is more extensively used in the U.S., part of the ammonia is recovered as 
condensate in the primary cooler, the ammonia in the condensate is distilled and the 
ammonia vapors are returned to the main gas supply entering the ammonium sulfate 
serubber or saturator. 

Figure 5 is a flow sheet of the semidirect process as used in some plants in the U.S.; 
in some modern installations, the tar is removed by a Cottrell precipitator. The gas is 
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drawn from the coke ovens or retorts by means of an exhauster, through the primary 
cooler where part of the tar anc ammonia is condensed. A mixture of this and other 
condensate liquors consisting of tar, water, ammonia, aud ammonium compounds 
flows to the tar separator where the tar is allowed to settle, and is removed. to the tar 
‘storage. The water layer containing the ammonia and ammonium salts is sent to the 
still and treated with lime to release the fixed ammonia (sce the following section 
for further details). The gaseous ammonia from the still joins the main gas stream at 
the entrance to the satirators. Tlie main gas stream has passed through the tar extrac- 
tors aud the reheater, in which the temperature and thus the moisture content of the 
gas is regulated fo maintain proper concentration, of the bath m the saturator. The 
temperature of the gas entering the saturator is ustally about 50-55°C., which, to- 
gether with the heat of reaction, is sufficient to maintain the temperature of the satu- 
τοῖον baths at about 60°C. The suturator bath is kept at an acidity of about 5-6% 
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Fig. 5. By-product ammonium sulfate recovery. 


sulfuric acid by the continuous addition of 60° Bé. (77.695) sulfuric acid. The acidity of 
the bath is regulated by frequent test of the mother liquor. Tf the bath becomes neu- 
tral or alkaline, a blue or green color is imparted to the salt from the formation of ferro- 
eyanides, A slight amount of tar in the gas muy produce a gray or brown color in the 
salt. Periodically, usually about every 24 hours, the liquid level of the saturator bath 
is raised and the acidity increased to 10-12% sulfurie acid. The purpose of this is to 
redissol ve salt that has accumulated on the sides of the bath. and the distributor pipe. 

The crystals of ammonium sulfate are continuously removed from the bottom of 
the saturator, by means of a compressed-air ejector or a pump, to a settling tank. The 
crystals of sulfate are then dried and washed in centrifuges aud conveyed to storage, 
the mother liquor returning to the suturator. Some plants further dry the salt in rotary 
driers. 

In some modern plants, the semidirect ammonium sulfate process has been mod- 
ernized in order to produce a uniformly sized crystal (snvall or large) of high purity and 
with [ree flowing characteristics. Modifications in the equipment are possible, but this 
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process involves the use of a scrubber for the recovery of ammonia from eoke-oven gas 
in which a circulating stream of ammonium sulfate containing free sulfuric acid is 
passed in countercurrent contact with the gas for recovery of ammonia. This stream 
is then pumped into a vaporizer where it is cooled by evaporation, to a supersaturated 
condition. The resulting supersaturated solution is then passed through a bed of 
erystals to cause deposition of crystals on the crystal bed. The mother liquor produced 
in the system flows to a mixing tank where water and sulfuric acid are added as re- 
quired for re-use. 

Two grades of ammonium sulfate are marketed: (/) commercial grade; and (2) 
dried sulfate of ammonia. (See also Ammonium compounds.) 


TABLE IV. Specifications for Ammonium Sulfate. 


Specification 








Commercial Dried 
Ammonia equivalent, min. % 25.0 25.25 
Moisture, max. % 2.40 0.25 
Free acid; max. % 0.40 0.15 








M 


AMMONIA LIQUOR 
Figure 6 is a flow sheet of the typical process for recovering ammonia from coke- 
oven gases or gas retorts in the form of ammonia liquor. In this process the gases 
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Fig. 6. By-product ammonia liquor recovery. 


leaving the tar extractors are passed through a series of washers in which the gas 
traveling vertically is washed with water or weak-liquor sprays descending over wooden 
grids. ‘The weak ammonia liquor from the washers is fed back into the secondary 
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coolers for cooling and scrubbing the hot gas. The ammonia liquor obtained from the 
coolers and washers contains approximately 10 grams per liter of “free” ammonia, 
which includes ammonium sulfide and carbonate, and 6 grams per liter "fixed" am- 
monia, which is largely the chloride with smaller quantities of thiocyanate. This liquor 
is sent to the weak-liquor storage supplying the ammonia still. 

The weak liquor is fed to the top of the still, flowing downward from section to sec- 
tion, and is heated by the ascending steam and hot gases from the lower sections of the 
still. The weak liquor before entering the still is heated to about 90°C. in the preheater 
to remove carbon dioxide and hydrogen sulfide. Most of the free ammonia is removed 
from the weak liquor as it moves downward in the still. The fixed ammonia is removed 
by the addition of calcium hydroxide to the liquor in the lime leg and the mixture is 
returned to the lower section of the still. The waste liquor from the bottom of the 
still usually contains not more than 0,002 to 0.005% ammonia. 

The hot gases from the top of the still pass through a dephlegmator to remove most 
of the water and then through the purifiers and into the absorbers for making concen- 
trated ammonia liquor, The concentrated ammonia gas from the dephlegmator enters 
the bottom of the purifier, which is of bubble-cap plate construction similar to the still, 
where it ig washed with fresh water to remove most of the impurities. The plates of the 
purifier are equipped with water-cooled coils to remove heat produced by the absorp- 
tion of ammonia in the wash water. The ammonia gas after water washing is scrubbed 
with dilute caustic soda, filtered through charcoal filters and absorbed in water to form 
ammonia liquor for the commercial market. 

Two principal grades of ammonia liquor are marketed, “A” and “B.” The speci- 
fications are given in the following table: 


TABLE Y. Specifications for Ammonia Liquor. 








Spocification Grade A Grade B 
Ammonia, min. % 29.4 25 
Gravity, Bé. (15.6°C.) min. % 26 — 
Color? Water-white 0.06 
Hydrogen sulfide None None 
Pyridine, max. gram/liter 1 2 
Organic matter, max." 50 100 
Naphthalene, max. % — 0.08 








* Color equivalent to potassium dichromate solution containing indicated grams per liter. 
* Cu.em, N/100 potassium. permanganate required to produce persistent blue color, in 100 ml. 
ammonia, liquor. 


Grades A and B are sold im tank cars of 8000- or 10,000-gal. capacities. Grade A 
ammonia liquor is also marketed in 55- and 110-gal. steel drums. Minor quantities of 
crude ammonia liquor, containing 15-25% ammonia and 5-8% hydrogen sulfide are 
sold and consumed entirely in the manufacture of soda ash. 


TABLE VI. U.S. Production of By-Product Ammonia Liquor. 

















Year Ammonia, tong Year ‘Ammonia, tons 
1987 27,000 1942 33,900 
1938 20,360 1943 34,100 
1939 - 24,100 1944 31,700 - 
1040 - 28,500 1945 27,600 


1941 31,400 
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Synthetic Ammonia 


HISTORY 


After the discovery by Berthollet and Henry that ammonia was composed of three parts hydro- 
gen and one part nitrogen, various investigators started making allempts to cause a direct union of 
the two gases. Tt was abouk 1795 that Hildebrandt advaneed the iden thit the analysis of ammonia 
might be verified hy uniling hydrogen and nitrogen under conditions similar to those used to unite 
hydrogen and oxygen in verifying the analysis of water. In his experiments he prepared nitrogen 
by two different methods and hydrogen by three different methods, but alter purifying and allowing 
the mixtures to stand over water al temperatures of 0-20°C!) for long periods, he [ound that no 
ammonia had been formed. 

The first attempts Lo cause a union of hydrogen and nitrogen under pressure were made by Biot 
and Delaroche and reported in 1811.— Visualizing tlie tremendous pressures exerted agninst fish deep 
in the sea, they duplicated the result by confining mixtures of hydrogen and nitrogen in the proper 
proportions io give ammonia under a cohumnn of mercury. Pressures as high as 540 meters of water, 
which is equivalent to 50 abm., were attained but no ammonia was formed in any of their experiments, 

Tt appears that Dobereiner, who was one of the foremost investigators on catalysis of his tini, 
was the first to synthesize ammonia directly from ils elements. In a report on his investigations, pub- 
lished in 1823, he states that when a mixture of hydrogen and air is ignited nud passed over a catalyst 
composed of a platinum suboxide there is a violent union between the hydrogen and oxygen and when 
there is an oxygen deficiency some of the excess hydrogen unites with nitrogen to form a trace of 
ammonia. 1+ is possible that Débereiner used an iron container for his experiments wilhout recog- 
nizing its significance. 

For the next sixty years Lhe reports of many investigators are in disagreement as to the truth of 
Déboreiner’s findings. In 1865, Deville reported that by passing è mixture of hydrogen and nitrogen 
through & poreclain tube heated to about, 1300?C. small amounts of ammonia were produced, yet as 
late as [881 Graham-Otto states in the Handbook of Inorganie Chemistry that nitrogen and hydrogen 
cannot be combined either under pressure, or by heat, or bv the action of spongy platinum. 

In 1884 Ramsey and Young showed that the thermal deeomposition of ammonia on heated iron 
is never quite complete. In the same year Le Chatclier enunciated his principle of mobile equilibrium. 
From this principle Le Châtelier showed that in a reversible reaction involving & volume deerease, 
such as the formation of anunonia from ils elements, an increase in pressure results ia an increase in 
the amount of ammonia produced, Since the reaction evolves heat it also follows from the same 
principle that an increase in temperature at which the reaction takes place decreases the equilibrium 
amount of ammonia produeed, 

By 1900 i6 hacl been fully established that hydrogen aud nitrogen would eombine dircetly in the 
presence of a catalyst but up until that time no appreciable amount of armenia had been produced 
by this method. 

Tt was Le Chatelier who first recognized the fact that, to produco anmmonia commercially from 
its clements, it was necessary to employ high pressures. In 1001 he attempted to produce synthetic 
ammonia by the high-pressure combination of hydrogen and nitrogen with an electrice spark. Un- 
fortunately, a severe explosion, clue to the accidential presence of some oxygen, wreeked his apparatus 
and he abandoned his experiments along this line. 

About this time many investigutors were working on the problem, in line with the warning of 

orookes in 1898, who had pointed out that with normal consumption the world’s natural supplies of 

fixed nitrogen would soon be depleted. Tt wag in 1906-07 that. the scientific aud technical importance 
of accurate information on ammoniu equilihrium was recognized by Nernst and Jost, who made a 
redetermination at various temperatures and pressures, A discussion of their results in 1908 is said 
to be one of the important landmarks in the history of the development of the direet synthesis of 
ammonia. The work of Haber, during this carly period, in trying to develop a practical and eco- 
nomically sound process fur ammonia synthesis laid (he groundwork for later commercial success of 
the project. 

Tt was soon recognized that low temperatures were desirable from an equilibrium standpoint, 
but uo practical catalyst was available that would give reasonable conversion below 500°C. Tn addi- 
tion, it was found that equilibriums are attained more. rapidly nt higher temperatures, bul, above 
700°C. equilibriums are unfavorable. 
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Detailed experimental investigations were carried out for years in the search for a suitable 
catalyst and practical operating conditions, After many thousands ol individual experiments, a 
satisfactory catalyst was found consisting of iron promoted with metallic oxides. 
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The principle of the apparatus developed bhy Haber and used by Haber, Van Ordi, Le Rossignol, 
and the Badische Anilin & Soda Fabrik (B.A.8.1°.), for their experiments, is indicated by the dia- 
gram in Figure 7. This principle is used in all present-day synthesis loops. The converter consists of 
a thin-walled iron tubo, 9-13 mm. in diameter, wrapped. with asbestos paper around which is a nickel 
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Fig. 8. Estimated world production of chemical nitrogen. 


heating element. Inside the tube is a glass or quartz catalyst tube constricted on one end, the capil- 
lary tube thus formed continuing inside the steel-inlet gas tube to a point outside of the converter. 
Gas is circulated through the system as indicated by the arrows, ammonia contained in the converter 
exit gas being removed cither by cooling or by an absorption agent such as water or acid. Taking this 
as a model, Bosch and Mittasch developed a large-scale plant for ammonia production. 
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The synthesis of ammonia directly from its elements was lirst accomplished commercially in 
1913. In that-year some 750 lons was produced when the German firm, B.A.S.F., placed their first 
small commercial unit at Oppau in regular operation, The advent of World War I was a great 
stimulus to the production of synthetic nitrogen compounds. The blockade and threat of blockade 
by both sides curtailed imports of natural nitrates from the beds located in Chile, while the produetion 
of munitions inereased the demand. The growth of the direct synthetic-ammonia industry is illus. 
trated by the fact thal in 1924 the nitrogen fixed by this method was nearly 30% of the total world 
nitrogen production (see Fig. 8). 


By 1921, Germany had developed a large syuthetic-ammonia industry. However, 
at this time, there was only one plant in the U.S. producing ammonia by direct syn- 
thesis from hydrogen and nitrogen. "This plant, using à modified Haber process and 
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Fig. 9. World capacity and number of synthetic-ammonia plants. 


built by the Atmospheric Nitrogen Corporation at Syracuse, New York, was producing 
about 3600 tons of ammonia annually. Within a few years, however, the number and 
capacity of ammonia plants increased rapidly. Estimates of approximate yearly 
capacities of plants constructed before World War II are given in Table VII. The 
early World War IT years saw rapid worldwide expansion of synthetie-ammonia 
capacity. This is shown in Figure 9. 

The capacity of these plants was such that, along with by-product ammonia and 
fixed nitrogen from other synthetic processes, the U.S. had become self-sufficient for 
normal peace-time requirements of fixed nitrogen. In fact, some nitrogen products 
were exported in the following years. 
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The large demands for fixed nitrogen during the early years of World War IT made 
the U.S. government realize that if it became involved in war its fixed-nitrogen supply 
would be inadequate to meet the demands for munitions. Thus, in 1941 an extensive 


TABLE VII. Synthetic-Ammonia Plants in the U.S, in 1932. 








Corporation Loration Nitrogen, net tons 
Atmospherie Nitrogen Corp. Hopewell, Va. 175,000 
E. L. du Pont de Nemours & Co. Belle, W.Va. 100,000 
Atmospheric Nitrogen Corp, Syracuse, N.Y. 14,000 
Shell Chemical Co. Pittsburg, Cal. 10,000 
Pennsylvania Salt Mfg. Co, Wyandotte, Mich, 6,000 
Mathieson Alkali Co. Niagara Falls, N.Y. 5,000 
Roessaler-Hasslacher Chemical Co. Niagara Falls, N.Y. 2,500 
Midland Ammonia Co. Midland, Mich. 2,000 
Great Western Eleetrochemical Co. Pittsburg, Cal. 1,200 
Paeifie Nitrogen Co. Seattle, Wash. 800 





Total 316,500 





construction program for new synthetic-ammonia capacity was initiated using the 
technical skills and personnel of the ammonia-producing companies. Table VIII 
gives plants constructed, according to information released by the Defense Plant 
Corporation. 


TABLE VII, Ammonia Plants Constructed During World War 1I. 





Nominal 

Name? Location capacity, 

net tons 

Mathieson Alkali Lake Charles, La. 50,000 
Buckeye Ordnance Works (Alied Chem.) South Point, O. 100,000 
Cactus Ordnance Works (Shell Oil) Dumas, Texas 50,000 
Dixie Ordnance Works (Commercial Solvents) Monroe, La. 50,000 
Jayhawk Ordnance Works (Military Chem. Wks.) Pittsburg, Kan. 100,000 
Missouri Ordnance Works (Hercules) Louisiana, Mo. 50,000 
Morgantown Ordnance Works (Du Pont) Morgantown, W.Va. 200,000 
Ohio River Ordnanee Works (Allied Chem.) Henderson, Ky. 50,000 
Ozark Ordnance Works (Lion Chem.) El Dorado, Ark. 100,000 
Tennessee Valley Authority Muscle Shoals, Ala. 50,000 


Total 800,000 





«Some of these plants were later purchased or leased by their wartime operators, 


THERMODYNAMIC CONSIDERATIONS 


Determinations of the equilibrium percentage of ammonia in reacting hydrogen 
and nitrogen gases were made by Haber and his co-workers in 1914-15, which extended 
the then known percentages from 1000°C. down to 561°C. and through pressures from 
1to 30 atm. Larson and Dodge, working at the Fixed Nitrogen Research Laboratory 
in Washington, have extended equilibrium measurements from 500°C, down to 350°C., 
over a pressure range extending from 10 to 1000 atm. 

The data of Table IX (21,22) are presented graphically in Figure 10. Figure 11 is 
included to show the variation of equilibrium constants with temperature at different 
pressures. 
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TABLE IX. Percentages of Ammonia at Equilibrium. 


1 On. 
Anmunonin, Y: 














"Temperature, - Do I _. 
°c At 10 atm. | At 80 atin, | At 90 nim, |. At 100 atm. | AE 300 alin, | At 600 ati. | At 1000 atm, 
200 50.66 67.56 74.38 81.54 89.04 95.37 95.20 
200 28.34 47.22 56.33 67.24 81.38 990.66 96.17 
300 14,78 30.25 30.41 52.04 70.96 84.21 92.585 
350 7.41 17.78 25.23 37.35 59.12 75.62 87.46 
400 3.85 10.15 15.27 25.12 17,00 65.20 19.82 
450 2.11 5.86 9.15 16.43 35.82 53.71 69.60 
500 1.21 3.40 5.56 10.61 26.446 42.15 57.47 
550 0.76 2.18 3.45 6.82 10.123 31.63 41,16 
600 0,49 1.39 2.26 4.52 13.77 23.10 81.43 
650 0.33 0.96 1.58 3.11 9.92 10.02 20.70 
700 0,23 0.68 1.05 12.87 





2.18 7.28 12.60 








Source: reference (7). 
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Fig. 10. Equilibrium percentage of ami- 
monia in a 3:1 hydrogen-nitrogen gas mix- 
ture (ref. 7). 


It is to be noted that the equilibrium 
constant at a particular temperature is in- 
creased several fold as the pressure is in- 
creased from 100 to 1000 atm. It is also ap- 
parent that the ammonia percentage in 
equilibrium with a 3:1 mixture of hydrogen 
and nitrogen. gas decreases continually with 
inereasing teniperature. 

Lewis and Randall, using soine of the 
data of Haber and his associates, found that 
for the reaction 1/2 Ns + 3/2 Hs -» NHs (g): 


AC, - —4.96 — 0.001157 -+ 0.0000051 7? 


TEMPERATURE, °C. 
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They found that the heats of formation obtained from 0°C. io 650°C. are in accord 
with this formula within 100 or 200 eal., and lead to the value AH, = — 9500. 
The value of log AU against 1/7 as 
plotted by Lewis and Randall is shown 
in Figure 12, The agreement between 
the experimental values (the circled x 
points) and the calculated curve, in which — $8 
the meam value of F (integration econ- 
stant), was taken as — 9.61, is seen to he 
excellent. 07 
Taking the above value of Z, Lewis 
and Randall ealeulate the general free- Fig. 12. Experimental and calculated values of 


-2.5 











energy equations to be: K, (ref. 24). 
AF? = —9500 + 4.967 In 7 -- 0.000575 7*. — 0.00000085 7T'* — 9.1677 
1/3 N, + 1 Ve Hey = NH; (g) A Fas = — 30910 


The space velocity, temperature, and pressure of gases passing over 4 catalyst 
control the degree to whieh the gases will approach equilibrium conditions. Space 
velocity is usually defined as the number of liters of gas (as measured at standard 
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moted catalyst at 475°C. (ref. 7). (ref. 9). 


temperature and pressure) passing over a liter of catalyst space in one hour. The space 
velocity used in commercial practice when synthesizing ammonia depends upon the 
process and catalyst used, and on practical considerations such as size of equipment, 
product recovery, and overall ceonomy. The variation. of the per cent ammonia with 
space velocity and pressure, in à gas stream issuing from a converter, is illustrated by 
the curves in Figure 13. These curves were plotted from data obtained at the Fixed 
Nitrogen Research Laboratory on a doubly proinoted iron catalyst operating at 475°C, 

A study of these curves indicates that nearly five times as much ammonia will be 
formed per volume of catalyst per hour at a space velocity of 100,000 than at a space 
velocity of 20,000: Very high space velocities are generally avoided, since the in- 
creased cireulation and ammonia-removal costa usually outweight the saving due to the 
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smaller converter volume. Most commercial units use space velocities of between 
20,000 and 40,000. 

In Figure 14 is a space-timo-yield diagram based upon the data of Figure 13. This 
diagram, indicates the definite relationship existing between space velocity, per cent 
ammonia in the effluent gas, and the ammonia produced. 


CATALYSTS 


Workers studying the problem of ammonia synthesis, as they became familiar 
with the mechanics and equilibrium values of the reaction, soon realized the impor- 
tance of obtaining suitable catalysts. They found that catalysts need not only be 
active, but must be readily available and fairly stable in their operation. The work of 
most investigators, from about 1904 on, was centered in the search for such a catalyst. 

One of the first good catalysts discovered was found by Haber to be finely divided 
osmium. Using this catalyst at a dark red heat with a gas pressure of 175 atm., concen- 
trations of 8% ammonia were obtained in onc pass of gas. The use of osmium in a com- 
mercial plant was found to be impractical, since the supply is limited. Using ruthe- 
nium as a catalyst, concentrations of 11-12% were obtained at less than 1000 atm. 
pressure and 450°C., but ruthenium is even rarer than osmium. Serious difficulties 
were encountered when large-scale experiments using these catalysts were attempted, 
the osmium attempt ending with an exploded converter. 

The materials mentioned in the patent literature up until the time of World War 
I, and claimed to be of value as catalysts in the synthesis of ammonia, are extremely 
numerous, but most of them are practically useless for commercial practice. A partial 
list of such materials includes osmium, uraniun, iron, nickel, cobalt, platinum, 
molybdenum, manganese, ruthenium, magnesium oxide, alkaline earth ferrocyanides, 
titanium-group metals, tungsten, bismuth, iridium, rhodium, mercurous chloride, cop- 
per, silver, zinc, and other metals of groups I to V of the periodic table. In addition, 
mixtures aud salts of these and other metals are mentioned. The most practical of 
these was a promoted iron catalyst, developed by Mittasch and his co-workers, and 
the first of its kind to be used in a plant of commercial size. 

Before 1917, the majority of the work on the direct methods for nitrogen fixation 
had been done in Germany. The first successful conversion accomplished in the U.S. 
was in 1914 in the research laboratories of the General Chemical Company. The experi- 
mental work was soon carried to the pilot-plant stage. At the outbreak of World War 
I, the information gathered by this research group was made available to the U.S. 
government. After the war, realizing that North America should be self-sufficient for 
large fixed-nitrogen tounages, scientists of this country started a systematic program 
on ammonia-synthesis catalyst development. It was found from published results of 
the time that promoted iron catalysts seemed to have the greatest possibilities, so that 
the greater amount of work was along this line. 

Larson, while with the Fixed Nitrogen Research Laboratory, investigated the 
value of doubly promoted catalysts. He found that the addition of both an acidic or 
amphoteric oxide, such as aluminum oxide, zirconium dioxide, silicon dioxide, or tita- 
nium dioxide, and an alkaline oxide, such as potassium oxide, to iron catalysts increases 
their activity much more than the addition of the oxides of the first group alone. A 
comparison of the ammonia formed by passing a pure gaseous mixture consisting of 3 
parts hydrogen and 1 part nitrogen over singly and doubly promoted iron catalysts can 
be made from the data given in Table X. At 100 atm. pressure, 5000 space velocity, 
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and 450°C. doubly promoted catalysts give 18-14% ammonia in the exit gas, while 
singly promoted catalysts give 8-9%, Pure iron eatalysts under these same conditions 
will give 3-595 ammonia in the exit gas. 


TABLE X. Effect of Promoters on Iron Catalyst for Ammonia.” 








Ammonia 

Promoters — = . - 
. 9$; ni 30 atm. 85 nt 100 atm. . 
1.0195 Ala 5.02 9.00 
0.6195 ZrO; 4.88 7.72 
0.96% K0 + 2.70% ZrOs 5.43 12.73 
0.51% SiO, 4.67 T.40 
0. 





57% KO + 0.7695 BIO» 5.38 10.90 


α Temperature 450° C.; space velocity 5000. 
Source: reference (7), 


Numerous patents describe, in addition to composition, methods of preparing 
promoted iron catalysts. In most cases a fused iron oxide, essentially au artificial 
magnetite, was used. Fusing this material in erucibles made from materials such as 
alumina, magnesia, zircon, ferrotungsten, pure tungsten, or Carborundum, was found 
to be very difficult without contaminating the catalyst with some of the melted crucible 
material. Methods such as deseribed by Larson and Richardson (23) were finally 
adopted and are essentially those used in the manufacture of practically all of the 
synthetic-ammonia catalysts now used commercially. This method consists essen- 
tially in melting iron oxide together with the desired promoter ingredients upon a pro- 
tecting bed having practically the same composition as the catalyst material, This is 
accomplished in an electric furnace in which the iron oxide itself acts as the resistor. 
Water-cooled electrodes are used, to prevent their melting and contaminating the fused 
catalyst. Oxides prepared in this manner are cooled and then erushed to the desired 
particle size. The oxide of iron is reduced in the converter by the action of hydrogen 
gas, leaving a porous tron, eontaining well-distributed promoter materials. 

In commercial practice, doubly promoted catalysts are generally used, their com- 
position being dependent upon individual-process and equipment requirements. Ono 
notable exception is the catalyst reported as used in the Mont Cenis Process. This 
process; which operates at about 100 atm., with catalyst temperatures of 400-450°C,, 
is said to use a catalyst consisting of an iron cyanide-complexianixture. This catalyst is 
presumably quite active at temperatures lower than would be permissible with pro- 
moted iron catalyst (7). 


DESCRIPTION OF PROCESS 


The synthetic-ammonia process consists essentially of producing a gas mixture 
containing hydrogen and nitrogen in the proportion of 3 parts of hydrogen to 1 of 
nitrogen, purifying this mixture, ancl synthesizing to ammonia under pressure in the 
presence of a suitable catalyst. In practically all modern plants, modifications of the 
original Haber-Bosch process are used. These modifications consist of differences in 
sources;of hydrogen and nitrogen, methods of gas purification, catalysts used, condi- 
tions of temperature and pressure for ammonia synthesis, and methods of product re- 
covery. mE 
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The original Haber-Bosch process is essentially as shown by the flow diagram in 
Figure 15. A modified water gas is produced in water-gas gencrators. Coke from 
bituminous coal or lignite is first blasted to Incandescent heat with air, most of the 
products of combustion going to the atmosphere. Water gas containing carbon. di- 
oxide, carbon monoxide, and hydrogen is obtained by passing steam through the fuel 
bed. "The nitrogen required for ammonia synthesis is usually furnished by adding a 
sufficient quantity of the products of combustion from the blasting step to the gas 
stream. This mixed gas passes through a serubber-cooler, where dust particles and 
undecomposed steam are removed with water, and the gas is then stored in a gas 
holder. 


Coke Water Steam Water 
KZ 
A p 
το 

ü X 


— 









. [XO 
Air EM » - 
Steam Watergas Scrubber [I[ Y Gas Gas Carbon Gas 
generator cooler holder blower monoxide A holdor 
converter Condensing 
tower 
Water 
Water water 
ump & a 
A x Gas | R pump Water 
[κ he cooler J Water 
eS e Eod Y 
SZ x Pees /N : 
(3 [—1 eS AA e 
Aa — QA V CHE KJI Qa A CD 
Compression CO, Compression (ο Solution Solution Ammonia Circulating Ammonia Water Product 
to 25 atm. Purifier to 200 atm. purifier regenerator pumo — cnnverter compressor absorber cooler ammonia 


water 
Fig. 15. Haber-Bosch process (ref, 8). 


Gas from the holder is mixed with steain and passed through a carbon monoxide 
converter containing a catalyst, where most of the earbon monoxide is converted to 
earhon dioxide and hydrogen, and is then stored in a converted-gas holder, Converted 
gas is compressed to 25 atm. and passed, countercurrent to water, through à carbon 
dioxide purifier. The gas, now free of carbon dioxide, is compressed to 200 atm. and 
passed countercurront to an ammoniacal euprous solution in a carbon. monoxide puri- 
fior. Here the residual carbon monoxide, unconverted in the carbon monoxide con- 
verter, is removed. The resultant relatively pure gas mixture, consisting of 3 parts 
hydrogen and 1 part nitrogen, is injected as make-up gas mto the synthesis loop. 

Circulating gas in the synthesis loop passes over a catalyst in the high-pressure 
ammonia converter where part of the gages unite to form ammonia. The exit gas from 
the converter is boosted in pressure by the circulating compressor in order to overcome 
pressure drop in the synthesis loop, and then passes through the ammonia ubsorber 
where the ammonia formed is removed by water washing. The unconverted gas thon 
joins with incoming make-up gas, and after passing through a water cooler in order to 
condense out excess moisture, recireulates through the econvertcr and the synthesis 
loop. The make-up gas contains a small percentage of argon, and sometimes methane, 
which also acts as an inert. In any process using recirculation these inerts tend to build 
up; their concentration is therefore controlled to the desired extent by bleeding a por- 
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tion of the circulating gas from the synthesis loop. Ammonia solution from the 
ammonia absorber is sold as such or sent to a distillation unit where the ammonia is 
recovered in the anhydrous state. 

Separation of the ammonia from the circulating gases in the synthesis loops of all 
of the processes is done by condensation due to cooling or by absorption in water. 
Since ammonia is now marketed to a great extent in the anhydrous state, and some 
hydrous ammonia is obtained as a by-product by serubbing purge gases, most plants 
use the condensation method. The temperatures required to condense ammonia from a 
mixture of hydrogen and nitrogen gas at various pressures are indicated by the curves 
in Figure 16. When the higher pressures are used, as in the Claude and Casale proc- 
esses, condensation takes place at approximately atmospheric temperature and can be . 
accomplished with water cooling alone. In processes using pressures as low as 300 
atm, the use of refrigeration as well as water cooling is usually required. Evaporation 
of ammonia is used for this purpose, especially for those plants built in conjunction 
with ammonia-gas-consuming plants where 
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control the source, The principal sources of Fig. 16. Vapor pressure of liquid am- 
hydrogen. in commercial practice, in the monia subjected io various pressures of 
order of their importance, are: (1) decom- 3:1 hydrogen-nitrogen gas (ref. 9). 
position of steam over hot lignite or coke to 

make water gas; (2) thermal re-forming of hydrocarbons with steam; (3) electrolysis 
of water; and (4) by-product hydrogen from the processing of coal. An example of 
utilizing available materials, when the above sources do not exist or would be un- 
economical, is that of a mew ammonia plant in India; charcoal, produced from wood, 
gathered in extensive forests there, is to be used ag the raw material for hydrogen 
production. 

Nitrogen for the process is usually furnished by: (2) mixing producer gas with 
water gas before purification; (?) the liquefaction of air; or (8) burning sufficient 
hydrogen with air to give the desired hydrogen—nitrogen ratio. At one time a plant in 
Italy using the Fauser process obtained nitrogen by purifying the tail gases from the 
absorption towers in the anunonia-oxidation plant. : 

Modifications of the Bosch system are the most widely used for the production 
and purification of gases for ammonia synthesis. To produce gas containing the proper 
proportions of hydrogen and nitrogen, a gas generator alternately manufacturing pro- 
ducer gas and water gas is used. These gases, the approximate compositions of which 
are given in Table XT, are scrubbed with water to remove particles of dust and to con- 
dense excess steam undecomposed in the gas generator, and are mixed in a gas holder. 

The first step in purification, and incidentally & source of additional hydrogen, is 
to reduce the carbon monoxide content of this gas mixture by causing it to react 
with steam. This step is carried out at substantially atmospheric pressure when a pro- 
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moted iron oxide catalyst is used, while pressure as high as 25 atm. are required when 
other catalysts are used. A typical example of the low-pressure process is that used in 
the Nitrogen Engineering Corporation system, a flow diagram of which is shown in 
Figure 17. 


TABLE XI. Representative Composition of Raw Gases for Ammonia Synthesis. 


% in mixture of 





Constituent % in producer gus 7o in water gas producer and water gus 
CO: 14 6 8 
CO 10 42 32 
H, 0 51 37 
Nz 75 l 22 
Other (A, ote.) 1 0 1 





a The producer gas and water gas are mixed in such proportions that, alter carrying out the water- 
gas catalytic reaction, the ratio of hydrogen to nitrogen is nearly 8:1. ‘Thus in the mixture referred to 
above, it will be seen that carbon monoxide plus hydrogen is 69, which is a little over 3 times the 
nitrogen. The extra hydrogen is usually lost in the purification step of the process. 

Source: reference (7). 


In this process a gas blower, used to overcome pressure drop in the conversion sys- 
tem, draws raw gas from the holder through a saturating tower where moisture is 
picked up from hot circulating water. The saturating tower furnishes a large propor- 
tion of the steam required for carbon monoxide conversion. 


[| 


Raw gas 






Converted 


; as holder 
holder Saturating Circulating Gas ᾿' Carbon Heat Condensing Β 
tower water pumps blower monoxide exchanger tower 
converter 


Fig. 17. Water-gas conversion system. 


Since an excess of steam is required in this step, to prevent carbon deposition on 
the catalyst, additional steam is introduced after the blower. The gas-steam mixture is 
heated in a heat exchanger to 300-400°C. and passed over the eatalyst in a carbon 
monoxide converter. In the converter, steam reacts with the carbon monoxide to 
form carbon dioxide and hydrogen according to the following equation, each volume of 
carbon monoxide converted furnishing an equivalent volume of each of the product 
gases, 


CO -- H,O — —9 CO: + Iz + 67,600 cal. 


The reaction is carried out at 500-600°C., but since it is exothermic, no additional 
heat need be added. Gas leaving the converter passes back through the interchanger, 
giving up heat to the incoming gases, and then through the condensing tower, where it 
is further cooled and all excess steam removed. From the condensing tower, the gas 
passes into a converted-gas holder, ᾽ 

Typical of the numerous heat-saving devices developed by the industry is the re- 
circule ting water system used in this process. Water heated in the condensing tower 
to 809-0°C., by cooling the converted gases and condensing out the excess steam, is 
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pumped to the saturating tower. In the saturating tower the incoming raw gas is 
heated and saturated with moisture, thereby cooling the circulating water, which is 
then pumped hack to the condensing tower to complete the circuit. 

Gas leaving the conversion system has the approximate composition: 28% earban 
dioxide; 4% carbon monoxide; 50% hydrogen; 17% nitrogen; and 1% other gases. 

In the Bosch gas-purification process, the next step is removal of the carbon di- 
oxide contained in the gas. Thisis usually done at about 25-atm. pressure by scrubbing 
with cold-water. The solubility of carbon dioxide in water at 25 atm. and 12°C. is 21.6 
vols. of gas per vol. of water. A considerable amount of power is required to pump the 
relatively large volume of water necessary to the required pressure, and various methods 
have been developed to recover a portion of this power. The most common method 
used is to release the water to atmospheric pressure through a Pelton wheel. The 
Pelton wheel is usually attached to a water pump to furnish part of the pumping power 
required, or attached to an electrice generator to recover the power as clectrical energy. 
30-50% of the power used is recovered by this method. 

Advantage taken of loeal conditions and facilities for the economic execution of 
the process is illustrated by an installation in the hills of West Virginia. Here, the 
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Fig. 18. Carbon dioxide absorption, Girbotol process. 


power used to pump water into the carbon dioxide purifier is largely recovered by con- 
verting the work of high-pressure injection into potential energy due to height, by 
piping the water from the serubbers up the side of a mountain to a storage reservoir. 
Carbou dioxide dissolved in the water is desorbed to the atmosphere and the water can 
be re-used, Water from the reservoir is piped to the suction of the serubber pumps 
located in a valley and, duo to the head, needs only to be boosted to injection pressure. 
Power recovery by this method is said to be somewhat higher than for the Pelton- 
wheel method. 

Another ingenious method for the reduction of power requirements in utilizing 
water for carbon dioxide removal (89) consists of a deep well having a gas trap at the 
bottom. Water pressure is maintained by a water leg from ground level to the bottom 
of the well. Gas forced down through a pipe comes in contact with the water about 
1000 ft. down, where carbon dioxide is absorbed. Gas, free of carbon dioxide, is 
separated from the water in the gas trap and piped to the next step in the process. 
Water charged with carbon dioxide returns to the surface through a separate pipe, 
sufficient power for water circulation being supplied on the air-lift principle by de- 
sorbed carbon dioxide as it approaches the surface, Calculations indicate that no 
additional power is required for water pumping. The geological formation of the earth 
beneath the plant site controls the feasibility of this method. It would be most suit- 
able at places where the igneous rock is near the surface of the ground. 
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CH + LO ——-> CO -F 8 H: 
CO + ILO ————À CO. T Πο 
CH, -- 2 H5;0 ————— CO: -4- 4 Eh 


The first and third reactions are endothermic, therefore heat must be furnished. Some 
processes, especially those not using catalysts, are cyclic. 

The process used most extensively for producing gas suitable [or synthesis to 
ammonia, using hydrocarbons as a raw material, is essentially that outlined on the 
flow diagram in Figure 21. Most of the sulfur compounds are removed from natural 
gas, or other hydrocarbon-bearing gas, in a sulfur purifier by scrubbing with a suitable 
absorbing agent such as caustic soda solution, In ense & source of sulfur-free gas is 
available, this step is uot necessary. Steam is added to the gas leaving the sulfur puri- 
fier; the mixture is heated in a heat oxchanger, and after sufficient air has been added 
fo give the proper hydrogen to nitrogen ratio in the final gas, goes to the methane-re- 
forming furnace. Iu tho furnace the mixture of gas and air passes down through tubos 
packed with a suitable catalyst where the methane and other hydrocarbon content is 
re-formed to obtain hydrogen and carbon monoxide, The heat required for this reac- 
tion is partially furnished by the oxidation of a portion of the gas by the oxygen of the 
introduced air, the balance being transferred through the walls of the catalyst tubes 
from the products of combustion in the furnace. Heat for the furnace is usually fur- 
nished by burning natural gas withair. Re-formed gas leaving the converter usually has 
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Fig. 21. Process for re-forming natural gas. 


a relatively high carbon monoxide content. This gus, after being cooled in the inter- 
changer by the incoming gas and steam, goes to a carbon monoxide converter. In some 
cases it is necessary to add additional steam to the gas before the carbon monoxide- 
conversion step. he exit gas from the carbon monoxide converter, after purification, 
is suitable for ammonia synthesis. 

One process, using natural gas consisting of about 85% methane plus higher hydro- 
-arhons, re-fornis the gas by first heating checker brick work with gas flames to about 
1100°C. and then passing gas through until the temperature drops to about 900°C. 
This process is said to produce a gas containing about 70% hydrogen and 5% carbon 
monoxide, the balance being recoverable by-products. 

A second cyclic process, in which natural gas and steam react in the presence of a 
catalyst, was developed at the Pittsburgh Experiment Station, Bureau of Mines, Pitts- 
burgh, Pa. In this process, the catalyst is first heated by blasting with burning gas, 
then purged with steam, after which a mixture of natural gas and steam is introduced 
and the products are collected for purification. When the temperature of the catalyst 

falls to about 900°C., this cycle is repeated. Natural gas decompositions as high as 
95% are attained. 

Purification of gases from all of the natural gas reforming systems is usually 
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accomplished by the use of a modified Bosch process, a description of which has already 
been given. 

Where low-cost electric power is availuble, the considerable expense involved for 
the installation and operation of the purification systems required in other processes 
may be eliminated by the use of electrolytic cells for the production of hydrogen. De- 
sign of present-day cells has progressed to such an extent that almost theoretical yields 
of hydrogen and oxygen per coulomb are obtained. The electrolyte ordinarily used is 
an alkaline solution of cither 15% sodium hydroxide or its equivalent, potassium 
hydroxide (see Hydrogen). 

Hydrogen obtained as a by-product in the electrolytic production of chlorine and 
caustic, as well as that obtained by the electrolytic decomposition of water, is utilized 
in a number of small plants for the produetiou of ammonia. A relatively large plant, 
using electrolytic hydrogen produced with hydroclectric power and said to have & pre- 
war capacity of 100,000 tons per year nitrogen, is that of the Norsk Hydro-Blektrisk 
Kvaelstofaktieselskab, in Norway. Any purification necessary for hydrogen gas fron 
electrolytic sources is relatively simple and inexpensive. 

When coke-oven gas is used as à source of hydrogen for ammonia synthesis, it is 
usually processed by one of the methods previously outlined for use with natural gas. 
However, in plants where use is found for the other constituents of the gas, hydrogen is 
separated by a liquefaction method. In one plant the gas to be purified is scrubbed 
with water under pressure to remove the carbon dioxide, cooled to ~—40°C. in a re- 
frigeration-type cooler and by flowing countercurrent to cold products of the gas 
separation, and sent through a Linde-Bronn eoke-oven gas separation apparatus. Li 
this apparatus the carbon monoxide is washed out by serubbing with liquid nitrogen, 
enough nitrogen being boiled off to give the proper hydrogen and nitrogen mixture. 
The gas leaving the equipment is said to contain less than 0.1% impurities. 


COMPARISON OF PROCESSES 


Many variations of the original Haber process for the synthesis of ammonia are 
now used in commercial practice, some varying to such an extent that they arc identi- 
fied by a name, often that of the group or men developing them. The most important 
of these are the Badische Anilin & Soda Fabrik, Nitrogen Engineering, Claude, Casale, 


TABLE XII, Synthetic-Ammonia Systems. 


Bleed to 








Designation | "ues | Tene Catalyst Reie | Goave | remove 

Haber-Bosch 200-350 550 Doubly promoted Yes 8 Yes 
(B.A.S.F.) iron 

N.E.C.^ 200--300 . 600 Doubly promoted Yes 20-22 Yes 
iron 

Claude" 900-1000 500-650 Promoted iron No 40-85 No 

Casale 600 500 Promoted iron Yes 15-18 - No 

Fauser 200 500 Promoted iron Yes 12-23 Yes 

Mont Cenis 100 400-425 Iron eyanide Yes 9-20 Yes 





® Nitrogen Engincering Corp., also called American or Fixed Nitrogen Research Laboratory. 
> Conversion of 40% of the gas accomplished upon a passage through a single converter while 
there is an 85 per cent conversion after passage through the series of converters. Gas is vented after 
one pass through the converters. 
. Source; reference (42). 
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T'ausor, and Mont Cenis processes. All of them are fundamentally the same in that 
nitrogen is fixed with hydrogen as ammonia in the presence of a catalyst, but have 
variations in arrangement and construction of equipment, composition of catalysts, 
and temperatures and pressures used. Table XH gives a condensed comparison of the 
differences in the various processes. 

The B.A.S.F. process is more like the original Haber process than any of the others 
and is essentially as previously described,” page 789. 

, The Nitrogen Engineering Corporation process, using a pressure of 300 atni, 
differs only in details from the Haber process. ‘The process is essen tially as indicated in 
the flow diagram, Figure 22. Starting with its entrance into the synthesis converter 
and following around the loop, the circulating gas passes through an interchanger built 
into the converter shell where it is heated to 300-400°C. and then through the tubes in 
the catalyst where it takes up more heat, thereby controlling the catalyst temperature. 
Tt then passes back through the catalyst, outside the tubes aud countercurrent to the 
incoming gas. The ammonia concentration in the circulating gas leaving the catalyst 
is 10-14 mole per cent. This concentration varies with pressure, catalyst temperature, 
atalyst effectiveness, and the concentration of inerts and impurities contained in the 
circulating gas. The operating temperature of the converter eatalyst is usually 500- 
600°C. The gas leaving the converter is cooled iu the iuterechauger by gas going to the 
converter, and then passes through a water-cooled condenser. 
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Fig.22. Ammonia synthesis, Nitrogen Engineering Corporation system. 


In the condenser the ammonia concentration is reduced by condensation to equi- 
librium. at the exit temperature of the conclenser aceording to the eurve shown in ligure 
16. The condensed ammonia is then removed from the eiveulatiug gas in an ammonia 
separator and the gas is boosted in pressure by a circulating compressor to overcome 
pressure drop in the loop, 

The gas leaving the circulating compressor, after the addition of make-up gas 
from the purification system, passes through a gas filter where uny entrained oil is re- 
moved. The mixture of circulating and make-up gas then passes through a water- 
cooled coil and on to a refrigeration-type condenser. Refrigeration, furnished by 
boiling liquefied ammonia, is necessary to limit the concentration of ammonia in the 
circulating gas going to the converter to the usual 2-4%. The final gas temperature is 
controlled by varying the pressure on tho bath side of the refrigeration condenser, 
Ammonia gas boiled off in the bath is utilized as a gas, or compressed and condensed 
for return to product storage. Ammonia condensed in the refrigeration condenser is 
trapped out in an ammonia separator, the circulating gas passing on to the ammonia 
converter and heat exchanger and completing the cycle. Liquefied ammonia collected 
in the ammonia separators is drained to a storage tank. 

The Claude process departs from the Haber process to a greater extent than any 
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of the other ammonia-synthesis processes, Operating pressures of 9000-1000 aim. aud 
operating temperatures of 500-650?C. are used. The large amount of heat evolved, 
in operating at space velocities of 100,000 with as much as 40% of the hydrogen- 
nitrogen mixture being converted to ammonia in onc pass through the converter, called 
for a special converter design described under converters. 

Tn his original process, Claude used hydrogen purified by fractional distillation of 
eoke-oven gas and nitrogen from the liquefaction of air. Those gases, mixed in the 
proper ratio, were compressed to 1000 atm. and injected into the synthesis system. 

In the Claude ammonia-synthesis system (sec Fig. 23), the gas first passes through 
a filter to remove the oil vapors left in the gas after compression, and then goes through 
a heat exchanger into what Claude called a protector furnace. The protector furnace, 
of the same design as the ammonia converters, contains a catalyst to promote the union 
of hydrogen and oxygen to make walter. This reaction is carried out at 400-500°C., 
any deficiency of heat being furnished by an electric heater. In this apparatus any 
oxygen left in the gas after purification is formed into water, which is condensed in a 
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Fig. 23, Ammonia synthesis, Claude process. 


water-cooled condenser and removed in a water collector. The resultant pure hydro- 
gen-nitrogen mixture then passes through two sets of interchangers and ammonia 
converters in parallel, after which the ammonia formed is condensed in a water cooler 
and removed in an ammonia receiver. The unconverted gas then passes through two 
sets of interchangers and ammonia converters in series, the ummonia being condensed 
aud removed after cach set. After the last ammonia receiver, the residual gas is wasted 
to the atmosphere or utilized for its heat content. Liquid ammonia is collected from 
the receivers, 

The advantages claimed for the Claude process are: (1) greater compactness, 
simplicity, ancl ease of construction of the converter, since under the very high pressure 
used, the gases have smaller volume; (2) elimination of the expensive heat exchangers 
necessary for processes operating at lower pressure; (3) relatively increased cconomy 
in the use of high pressure, since power consumed in compressing gases increases only 
as the logarithm of the final pressure attained; (4) removal of ammonia with water 
cooling alone, rather than by ammonia refrigerators or scrubbing processes; and (4) 
continuous operation, which is facilitated by the ease of rapid changing of catalyst ma- 
terials in the converters. Cited against these advantages are the shorter life of con- 
verters, increase in danger and apparatus upkeep when operating at super-pressures, 
and efficiency loss due to wasting approximately 20% of the make-up gas, which is un- 
converted. 
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The Casale process uses pressures of 500-900 atm., and is otherwise distinguished 
by the method used for controlling catalyst temperature in the specially designed con- 
vorter (deseribed under “Converters”). A method involving recirculating gas around a 
synthesis loop, similar to the Haber process, is used. As in the Claude process, the 
higher pressures allow liquefaction of the ammonia at temperatures that can be 
attained by water cooling. The basis for heat control of the catalyst is to leave 2 or 8% 
ammonia in the gas to the converter, thereby slowing down the rate of formation of 
ammonia and eliminating excessive heating of the catalyst. 

The Fauser process incorporates some leatures not previously mentioned, "his 
process uses electrolytic hydrogen from Fauser cells and nitrogen from liquid-air units 
or from a purification unit utilizing tail gases from absorption towers in the ammonia- 
oxidation plant. The mixture of hydrogen and nitrogen. is compressed to 200-300 atm. 
aud, after passing through an oil separator, goes to an oxygen burner (sec Fig. 24), 
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Fig.24. Ammonia synthesis, Fauser process. 


In the oxygen burner any oxygen contained in the gas mixture combines with hydrogen 
in the presence of a copper catalyst, the water formed being condensed out in a cooler 
and removed in a water separator. The pure gas is then injected into the synthesis 
loop. 

The synthesis loop is the same as that previously described for the Nitrogen 
Engineering Corporation process except for minor changes in arrangement of equip- 
ment. Some liquefied ammonia from the condenser goes to the refrigeration cooler, 
where it evaporates to cool the circulating gas, the ammonia gas evolved proceeding to 
& line leading to an ammonia-gas holder or to ammonia utilizing plants. The balance 
of the ammonia goes to a pressure let-down vessel, in which the inert gas is desorbed 
from the ammonia liquid. The inerts, containing some ammonia, pass through an 
absorption tower where the ammonia is removed, and are vented to the atmosphere. 
Hydrous anunonia is drained from the absorption tower to a storage tank for use us 
such. Anhydrous ammonia from the let-down vessel gocs to un anlydrous-ammonia 
storage. Ammonia gas from the gas holder, not needed in the utilizing plants, is com- 
pressed, cooled, condensed, and sent to the anhydrous-ammonia storage. In case in- 
sufficient gaseous ammonia is available from the refrigeration cooler to serve the 


ammonia-utilizing plants, a storage evaporating unit is installed to make up the de- 
ficiency. 
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The Mont Cenis process was originally developed to use by-product gas from the 
coke ovens of the Mont Cenis Coal Mincs in the Ruhr district of Germany. Since 
German palents on ammonia-synthesis processes using pressures above 100 atm. were 
held hy other firms, a process using a lower pressure was developed. Proponents of the 
process claim this was a blessing in disguise, since they feel that as a result a superior 
process has been developed, For the installation at Mont Cenis, the required hydrogen 
is separated from coke-oven gas by a liquefaction process, while nitrogen is obtained by 
the liquefaction of air. The essential characteristics of the Mont Cenis process are its 
operating pressure of 100 atm. or less and catalyst temperature of 400°C. A flow dia- 
gram for the final purification, synthesis, and ammonia recovery appears in Figure 25. 

Following the flow diagram it can be seen that mixed hydrogen and nitrogen, after 
being compressed to 100 atm. and heated to abuut 300°C. in interchangers, pass 
through à carbon monoxide and oxygen purifier. Jn the purifier, while in contact with 
a nickel catalyst, carbon monoxide and oxygen contained iu small quantities in the gas 
react; with hydrogen to form methane and water. Methane stays iu the gas as an inert 
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Fig. 25. Ammonia synthesis, Mont Cenis process. 


while the water is removed in a separator after it has been condensed out in a water 
cooler, This gas of relatively high purity is then injected as make-up into a synthesis 
loop that is basically the same, though varying in equipment and its arrangement, as 
the Haber process. 

Entering the loop, the make-up gas mixes with circulating gas coming from the 
ammonia converter before any of the ammonia formed has been removed. This gas 
mixture is cooled in a heat exchanger, passes through a refrigeration condenser operat- 
ing at —50 to —55°C. where the ammonia content of the gas is liquefied, and then 
through an ammonia separator where the condensed ammonia is removed and drained 
tostorage. Residual water and other impurities entering with the make-up gas are re- 
moved in this step by being scrubbed with condensing ammonia. Ammonia gas boiled 
off in the refrigeration condenser bath is compressed, condensed in a water-cooled con- 
denser, and returned. as liquefied ammonia to the refrigeration condenser. 

Circulating gas, having its ammonia contenl reduced to 0.2-0.5% in the am- 
monia separator, passes back through the heat exchanger and on to a circulating com- 
pressor, which boosts the pressure to overcome the pressure drop in the loop. The gas 
is then heated in two interchaigers in series, and passes through the ammonia converter 
where a portion of the contained hydrogen and nitrogen unite to form ammonia. Gas 
leaving the ammonia converter contains 8-13% by vol. of ammonia, depending upon 


802 AMMONIA 


the effectiveness of the catalyst. This gas is first cooled in interchangers, part giving 
up its heat to gas im the purification system, while the balance is used. to heat gas 
headed for the converter, and is then further cooled in a water cooler. The animmonia- 
laden gas is then combined with incoming make-up gas for ammonia separation aud re- 
cycling through the system. 


CONVERTERS 


There are as many types of converters used for anmonia synthesis as there are 
processes. They all consist essentially of a pressure-resisting vessel provided wilh a 
catalyst container and means for dissipating 
the heat evolved by the synthesis reaction, 

Ammonia-synthesis converters as a rule 
operate at pressures of 100 atm. or above 
and at temperatures above 400°C. Ordinary 
earbon steel for the pressire-rosisting walls 
of the converter was early found to be un- 
suitable, since, under operating couditions, 
rapid decarbonization oecurred. — Various 
J catayst alloy steels, containing relatively small 
conaher amounts of chromium, vanadium, nickel, 
tungsten, or other metals, have been de- 
veloped for use in this service. Even when 
carbon is removed by the action of hydrogen, 

_ tubes these steels seem to lose little of their original 
catayst tensile strength. A typical good steel roc- 
ommended for this use contains 2.5% chro- 

Saas — mium, 0.1805 vanadium, and 0.395 carbon. 

In converters operating at much higher 
pressures, such as 800-1000 atm. used in the 
Claude process, alloys containing much. less 
iron are used, An example of one such alloy, 
said to combine resistance to heut and to 
very high pressures in s reducing atmos- 
a phere, contains 0.44% carbon, 60.4% nickel, 

Fig, 26. Ammonia synthesis converter. 8.7% chromium, 2.52% tungsten, 1.8% 
manganese, and 24. 7397 iron. 

Most converter shells, particularly the earlier ones, have been fubricated from 
forged-steel ingots; thus converter size was limited to that of the largest ingot that 
could be forged. Needless to say, forgings used for this service must be practically per- 
fect. In 1931, the A. O. Smith Corporation started experimenting with vessels of 
multilayer construction. Since that time the development of this type of construction 
has progressed to such an extent that vessels suitable for ammonia-converter shells 
have been constructed. These vessels are made up of à multiplicity of layers of do- 
scaled steel, each layer progressively wrapped and tightened around the cylinder by 
mechanical means and then welded together at the edges. The thickness of each layer 
is usually less than !/, in., except the innermost layer, which is usually somewhat 
heavier. Only this innermost layer need be leakproof. Each subsequent layer is per- 
forated with small holes for venting. 
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The design of the internal parts of the converter is controlled primarily by the 
problem of heat dissipation. ‘The ammonia-synthesis reaction is highly exothermic, 
each mole of ammonia formed evolving about 13,000 cal. of heat. Making the problem 
more complex is the fact that the rate of heat formation increases with pressure and de- 
creases rapidly as the effluent gas progresses through the converter and the partial pres- 
sure of ammonia increases. In addition, when gas low in ammonia content first str. kes 
the catalyst, hot spoils tend to develop and cause local overheating. As a rule, over- 
heating will cause deterioration in catalyst activity. Converters for processes using 
pressures of 300 atm. or less usually incorporate internal-heat exchangers for heat re- 
covery and dissipation (40) (see Fig. 26). 

Claude, whose process operates af relatively high pressures, used a very simple 
type of converter. It was bored out of a nickel-chrome ingot and required only one 
closure. The onc head, to whieh: was fastened a thin sheet-iron-tube catalyst container, 
was seated against a copper gasket. Gas entered at the side of the converter, passed 
up around the iron. tube giving a cooling effect, then down through the catalyst con- 
tainer and out through the head. These converters were 4 in. inside diameter by 7 ft. 
long, and it is said that 16 such converters would produce about 20 tons per day of 
ammonia. 

The converter patented by Casale incorporated the idea of circulating cool inlet 
gases against the pressure-retaining walls of the converter in order to keep their tem- 
peratire down, in addition to the catalyst-cooling effect used by Claude. In addition, 
an electric heating element is installed in the catalyst bed to make up any heat de- 
ficiency. 


Storage, Shipping, Safety, and Analysis 


Anhydrous ammonia is usually stored at pressures up to 40 p.s.i.g. Since its boil- 
ing point at this pressure is only 25.8?F., and even insulated vessels take up heat from 
the atmosphere, ammonia evaporated to maintain this temperature has to be vented. 
Vented gas is usually compressed and condensed or absorbed in water to make by- 
product hydrous ammonia. To prevent the possibility of rupturing a storage vessel 
and releasing its total contents to the atmosphere, each vessel is equipped with relief 
valves. For storing large quantities of anhydrous ammonia, Hortonspheres (ste Pres- 
sure technique) ave used. These vessels are built to store as much as 500 tons of 
ammonia, 

Cylinders containing up to 150 Th. and 26-ton tank cars are usually used for ship- 
ping anhydrous ammonia. Tank ears are constructed to withstand pressures above 
those corresponding to temperatures usually encountered, and therefore are not 
equipped for continuous venting, They are, however, equipped with relief valves to 
relieve the pressure in case of emergency. The boiling point of ammonia at 225 p.s.i-g. 
is 103.0?C. 

Transfer of liquid anhydrous ammonia is usually aceomplished by ereating & 
differential in pressure, thereby causing the ammonia liquid to flow from one vessel to 
the other. A diagram of equipment for unloading anhydrous ammonia from a tank car 
to a storage tank is given in Figure 27. A differential in pressure is brought about by 
means of a refrigerating ammonia compressor. Ammonia gas from the storage tank is 
compressed ancl, after passing through an oil separator to prevent oil contamination of 
the ear, goes to build up pressure in the tank car. A differential pressure of about 50 
p.8.i. is maintained, which moves the liquid anhydrous ammonia into the storage tank. 
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Anhydrous ammonia is marketed under 2 specifications: (/) commercial grade: 
ammonia contenf—not less than 99.5%; and (2) relrigeration grace: ammonia con- 
tent—not less than 99.95% when determined as the difference between 100% and the 
total residue; nonbasic gas in the gas above the anhydrous-ammonia liquid—not less 
than 0.20 ml. per gram of ammonia; moisture content—less than 0.01 ml. per 100 
ml. of anhydrous ammonia; residue on evaporation at. atmospheric pressure in excess 1 
part in 6000 by weight—none; pyridine content—none. 

Toxicology and Safety. Handling of anhydrous ammonia involves 4 general typos 
of hazard: (1) pressure (see Pressure technique); (2) thermal; (3) physiological, due 
to its chemical nature; ancl (4) explosion. 





Fig. 27. Equipment for unloading anhydrous ammonia from tank car to storage tank. 


Solutions of ammonia are much less dangerous to handle than anhydrous am- 
monia. The pressure hazard is largely reduced (although aqueous ammonia at 28.81% 
by weight develops well over 100 p.s.i. near the temperature of boiling water), the 
physiological hazard is substantially eliminated, and the thermal hazard is no longer 
present. If liquid ammonia comes into contact with the skin, severe and rapid freezing 
results, often called “burns.” Gaseous ammonia has an intense, irritating action on 
any moist tissues; quickening of respiration and heart action as a result of inhaling 
ammonia gas is produced by the irritation of the upper respiratory tract. If the 
ammonia concentration is high, respiration is stopped altogether. The effects of in- 
haled ammonia are entirely upon the surface tissues; none is absorbed. Henderson 
anc Haggard (15) give the physiological response to various concentrations (see Table 
XIII). 

First-aid treatment and suitable gas masks, are described by Henderson and 
Haggard (15). In general, tanks, etc. can be made safe for entry by filling with water, 
then discharging (41). 

Analysis. The impurities in anhydrous ammonia consist principally of noncon- 
densable gases, such as argon, neon, and nitrogen, moisture and traces of oil: 

The atmosphere above the liquid ammonia is tested for noncondensable gas by 
withdrawing a sample of the gas into a special buret and allowing enough gas to pass 
through the buret to completely drive out all the air. Sulfuric acid is then drawn into 
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TABLE XIT. Physiological Response to Various Concentrations of Ammonia. 











Physiological response Ammonia, p.p.ia. of air 
Least detectable odor 53 
Least amount causing immediate irritation to the eyes 698 
Least amount causing immediate irritation to the throat 408 
Least amount causing coughing 1720 
Maximum concentration allowable for prolonged exposure 100 
Maximum concentration allowable for short exposure (2/2 to 1 hr.) 300-500 
Dangerous for even shart exposure. (1/, hr.) 2500-4500 
Rapidly fatal for short exposure 5,000-10,000 








Source: reference (7). 


the buret and the volume of unabsorbed gas read directly from the calibrated capil- 
lary neck of the buret. The residue on evaporation. is determined, by collecting a 
sample of liquid ammonia im a special-type flask and after weighing allowing the 
ammonia to evaporate. When all the ammonia has evaporated, the flask is again 
weighed and the weight of the residue determined. A special sampling tube, which 
protects the sample from contamination of condensed moisture [rom the air, isused in 
obtaining the sample for this determination. If the residue on evaporation shows pres- 
ence of oi], it is dried at 115°C. for 15 minutes to remove water, extracted with carbon 
tetrachloride, and filtered into a weighing bottle. After evaporating the sample to 
dryness on a steam bath, the final residue is weighed to determine the oil in the sample. 

Ammonia in solution and the ammonia equivalent im water-soluble ammonium 
salty are readily determined by distilling with sodium hydroxide, collecting the evolved 
ammonia in a measured quantity of standard sulfuric acid and back-titrating the excess 
acid, using methyl red as indicator. 

Small quantities of free ammonia are determined, as for example in water analy- 
sis, by a colorimetric method using Nessler reagent. Free ammonia is recovered 
quantitatively by distillation of a solution maintained at a pH of about 7.4 by the 
addition of a phosphate buffer solution. The distillate is collected in ammonia-free 
water, treated with Nessler reagent, and the characteristic color developed is com- 
pared with the color of standards containing known concentrations of ammonia. Ness- 
ler reagent is a solution of potassium iodide, mercuric chloride, potassium or sodium 
hydroxide, and water. 


Uses 


The explosives industry is one of the largest consumers of ammonia. While am- 
monia is shipped to the explosive industry as anhydrous or ammonia liquor (80% 
ammonia), it is used principally in the form of nitric acid for the manufacture of such 
compounds as di- and trinitrotolucne, nitroglycerin, nitrocellulose, nitrostarch, penta- 
erythritol tetranitrate, tetryl, and ammonium nitrate. 

The ammonia is oxidized to nitric acid at the explosive plants for the production 
of the above materials, Dilute nitric acid from the nitration reactions is neutralized 
with ammonia to produce ammonium nitrate. Nitric acid (g.v.) is also used for many 
other purposes. | 

In textiles, the principal use for ammonia is the production of synthetic fibers such 
as cuprammonium rayon and nylon. Inthe production of rayon (g.v.), the ummohia is 
used in the preparation of ammoniacal copper hydroxide solution (Schweizer’s re- 
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agent) for dissolving the cotton linters. The resulting viscous solution is diluted and 
pumped through spinnerets into a weak sulfuric acid solution, which dissolves out 
the copper. The threads thus formed are stretched as they form and wound on reels 
in the form of skeins. 

Tn the nylon process, ammonia is used in the production of hexainethylonediamine, 
NH: (CH) NH, which is condensed with adipie acid to form the monomer, which in 
turn is polymerized and spun into the polyamide fibers. (See Polyanides.) 

Ammonia is used in the dyeing and scouring of cotton, wool, rayon, and silk fab- 
rics. Before entering the dyeing bath the fabrics are thoroughly cleaned in a soap 
solution made alkaline with ammonia. In dycing fabries with dyes requiring motallie 
mordants, ammonia is used to precipitate the metallic hydroxide in the fibers of the 
fabric with which the dye combines forming "lakes." "he fabrics arc first immersed in 
a solution of metallic salts, such as aluninum sulfate, and then through an ammonia 
solution before entermg the dye bath. 

Sheer, transparent, and crisp effects are imparted to lightweight fabrics by iminers- 
ing the material in a bath of ammoniacal copper sulfate in caustic soda. Acelate rayons 
are delustered by immersing the fabric ina 2% ammonia solution. 

The fertilizer industry is a heavy consumer of ammonia and its compotmds. The 
principal nitrogen carriers used in fertilizers and fertilizer manufacture are anhydrous 
ammonia, ammonia liquor, ammonium nitrate-ammonia solutions, urea -umnmonia 
solutions, ammonium nitrate, ammonium sulfate, urea, calcium cyanamide, and 
sodium nitrate. Auhydrous ammonia, ammonia liquor, ammonium nitrate-aminonia 
solutions, and urea~ummonia solutions are used to ammoniate superphosphate in the 
preparation of mixed fertilizer, The free ammonia of the various solutions combines 
with the free acid and the monocalcium phosphate of the superphosphates in the mix- 
tures, as illustrated by tho following equations: 

2 NH; -- H5 PO, ——— (NUG)ETPO, 

Cn(H5PO4s -- 2 NH; ———9 CalIPO, 47 (NTL4HPOA 

(NH44HDPO, 4- CaSO, ————95 CaklIPO, 4- (NIL)ASO, 
Ammoniation of superphosphate produces fertilizer mixtures with improved physical 
properties. The ammoniating solutions are usually added in quantities to give not 
more than 30 Ib. of free ammonia per 1000 Ib. of superphosphate present in the mix- 
ture. The addition of more than this quantity of free ammonia to the superphosphate 
tends to increase the amount of insoluble phosphate, whieh is believed not to be avail- 
able to the growing plants, (See Ammonium compounds; Fertilizers.) 


TABLE XIV. Composition of Commercial Ammoniating Solutions. 











Solution NTh, 06 NHNO, % Uron, % ca m0, % 
Anhydrous ammonia 100 — — — — 
Ammonia liquor 80 — o —- 70 
Nitrogen solution ITA 21.7 06.0 --- — 13.3 
Nitrogen solution IIT 26.0 55.5 --- --- 18.5 
Nitrogen solution TV 16.6 66.8 — — 16.6 
Urea ammonia liquor A 28.9 — 32.5 18.1 20.5 
Urea ammonia liquor D 24.1 -- 43.1 15.0 17.8 


In the synthetic-resin industry, ammonia is used as a catalyst and to control pH 
during polymerization of phenol-formaldehyde and urea-formaldehyde synthetic 
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resins. Τη these reactions the ammonia is added in the form of hexamethylenctetra- 
mine (g.v.) produced by the reaction of ammonia and formaldehyde. Urea, one of the 
components of urea-formaldehyde resins, is usually produced at synthetic-ammonia 
plants by reaction, under pressure, between ammonia and carbon dioxide (see Urea): 


2NH; -- CO. ———» NH2CO.NH, -———> NH, CONER + H,O 
ammonium carbamate urca 


Melarnine, a component of melamiue-formaldehyde resins, is produced by poly- 
merization of dicyanodiamide in the presence of ammonia (see Amino resins and plas- 
tics). 

In the pharmaceuticals industry, ammonia is an important ingredient in the 
manufacture of sulfa drugs, such as sulfanilamide, sulfathiazole, and sulfapyridine. It 
is also used in the manufacture of vitamins and antimalarials. 

In the petroleum industry, in the refining of some crude oils, ammonia is used ag 
a neutralizing agent to prevent corrosion in acid condensers, heat exchangers, ete., of 
the distillation equipment. Ammonia is applied to the bubble tower of the condensing 
unit to neutralize the hydrochloric acid formed from the decormposilion of the brine 
usually found associated with the crude oil. Ammonia is also used to neutralize final 
traces of acid in acid-treated lubricating-oil stoeks and pressure distillates. In this 
operation ammonia is introduced into the still with the stock. 

In the fluid catalytic cracking process, ammonia is added to the gas stream before 
it enters the Cottrell precipitutor to assist in recovering the finely divided catalyst. 

Ammonia is used in the preparation of synthetic aluminum silicate catalyst for 
fixed-hed and fluid-type cracking units. In. this process hydrated silica, prepared by 
treating sodium silicate with an acid, is precipitated with aluminum sulfate in the 
presence of smmouia to form a gel. After washing from impurities the aluminum 

silicate is dried and ground to the desired gize. 

Ammoniacal copper acetate is used to recover butadiene for synthetic rubber from 
petroleum gases, 

In the rubber industry, ammonia is added to raw latex to prevent coagulation 
during transportation from the rubber plantation to the factory. About 20-26 lb. of 
ammonia is applied per ton of freshly drawn latex. Ammonia is also used in the vul- 
eanization process for the manufacture of rubberized fabrics, boots, shoes, ete. Gas- 
eous ammonia is applied to the vulcanization chamber, and the articles are allowed to 
cure in an atmosphere of ammonia. 

Tn refrigeration (g.».), ammonia is the most eonmonly used refrigerant, particu- 
larly for large industrial installations. It can be used in both compression and absorp- 
tion systems for: production of ice; refrigerating cold-storage plants; quick-freezing 
units; food lockers; air-conditioning large industrial plants; and dewaxing lubricating 
oils. Certain characteristics of ammonia, such as high latent heat of vaporization, 
low vapor density, chemical stability, and low corrosion. to iron parts, make operating 
costs per ton lower for ammonia than for any other refrigerant used in industrial 
systems. 

Both compression and absorption systems make use of the latent heat of vapor- 
ization of anhydrous ammonia, absorbing heat from a brine solution, These two sys- 
tems use the same design of condenser, expansion valve, and evaporator; however, the 
two systems use different equipment and methods for drawing the gas from the 
evaporator and for increasing its pressure so the ammonia can be condensed while using 
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water at temperatures normally available. In the compression system, ammonia gas is 
drawn from the evaporator by the suction stroke of the compressor, while in. the ab- 
sorption system, ammonia gas is drawn from the evaporator by the absorption of the 
gas into a weak solution of ammonia in water. 

In the inorganic-chemicals industry, a large number of ammonium salts, having 
numerous industrial applications, are produced by direct neutralization of their respec- 
tive acids with ammonia, Among the most important industrial compounds produced 
by this method are ammonium nitrate, ammonium sulfate, wmmonium chloride, 
mono- and diammiouium phosphate, and ammonium acetate (see Ammonium com- 
pounds). 

Sodium cyanide (see Cyanides) is produced by passiug ammonia into metallic 
sodium at 200-300°C., producing sodium amide, which is treated with carbon at 
800°C. : 

NH, 4- Na ——— NuNEH;, + !/; Hs 
NaNH; 4- C ——— NaCN + H 


In the organic-chemicals industry, ammonia is used in the production of various 
organie chemicals including amines, amides, nitriles, etc. The production of aniline 
from monochlorobenzene is illustrative of this type of reaction: 

NHs 
CHCl ———————> (TNE. 
Cu, reducing ugeut. 
Many reactions of commercial importance are carried owt in liquid ammonia. (See 
Amnmonalysis; Nitrogen system.) 

In metallurgy, ammonia is used as a processing agent in the recovery of metals, 
such as copper, molybdenum, and nickel, from their ores. Copper tailings are leached 
with a solution of ammonium carbonate forming a solution of cupric ammonium car- 
bonate, which is evaporated, the ammonia recovered for re-use in the process, while the 
copper is recovered in the form of the oxide (see Copper). 

Cuban nickel ores are leached with a solution of ammonium carbonate forming a 
complex carbonate of nickel, which is converted to nickel oxide on heating, and the 
ammonia is recovered and used again in the process (see Nickel). 

Anhydrous ammonia, after dissociation into Its components, nitrogen and hydro- 
gen, is used in nitriding alloy steels to impart a hard-wearing surface. The dissociated 
ammonia is also used extensively as: a protective atmosphere in the bright annealing 
and bright hardening of metals; as a protective atinosphere in sintering operations in 
powder metallurgy; iu the reduction of metal oxides; in radio-tube firing; and in 
atomie-hydrogen welding. Since ammonia is shipped as a liquid and may be dissoci- 
ated into its components at points of consumption, an economical means for trans- 
portation of hydrogen gas is thus provided (sec Hydrogen). 

In acid manufacture, in the lead-chamber process for sulfuric acid manufacture, 
ammonia is oxidized to supply the nitrogen oxides required for the conversion of sulfur 
dioxide to sulfurie acid (g.v.). The bulk of the nitric acid (q.v.) consumed in the U.S. is 
manufactured from ammonia oxidation. 

In mildewproofing of fabrics, ammonia is used as a solvent for copper salts. Cop- 
per naphthenate and copper fluoride are the usual copper salts used for this purpose. 

In fermentation, ammonia is used to supply the nitrogen for the growth of yeast 
and microorganisms and to contro] pH in the manufacture of yeast and industrial 
alcohol from black-strap molasses (see Alcohol, industrial). 
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In the alkali industry, large quantities of ammonia are consumed in the production 
of soda ash by ¢he Solvay ammonia~soda process from sodium chloride (see Alkali and 
chlorine industries). Anhydrous ammonia is used also in the purification and dehydra- 
tion of caustic soda. 

In water purification, ammonia in conjunction with chlorine is used to purify 
municipal- and industrial-water supplies. The ammonia and chlorine are metered into 
the water supply in the desired proportions, forming a mixture of mono- and dichlor- 
amines: 

NH, -- Ch * NILCI 4- HCl 
NH; -- 2 Cl; ———— NHCI. + 2 HCl 





The chloramine treatment for water is said to possess the following advautages: (1) 
prevents chlorine tastes and odors; (2) maintains a persistent residual in reservoirs 
and distribution mains; (3) control algae growth; and (4) has a high bactericidal 
efficiency. 

In the pulp and paper industry, a recent development is the substitution of 
ammonia for calcium in the bisulfite process for pulping of wood. The ammonia base 
is said to improve the yield and quality of pulp. It also offers a means of overcoming 
stream pollution, since the anunonia-base waste liquor can be concentrated and utilized 
as a source of heat. Ammonia is also used as a solvent for casein in the coating of paper. 
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AMMONIAC. See Resins, natural. 
AMMONIA SYSTEM OF COMPOUNDS. Sce Nitrogen system of compounds, 
AMMONIATES. See Coordination compounds, 


AMMONIUM COMPOUNDS 


While the ammonium compounds comprise a large number of salts, many of technical 
and industrial importance, three of these are outstanding from the standpoint of large- 
‘scale production: ammonium sulfate, ammonium nitrate, and ammonium chloride, in 
the order named, The sulfate is by far the foremost ammonium salt m tonnage output 
(see Ammonia). For salts of organic acids, exeept che acetates, see such articles as 
Oralte acid and Fatty acids. 


Ammonium Acetates. 


There are two ammonium acetates, the normal or “neutral” and the “acid” salts. 
The normal salt is formed by the exact neutralization of aectie acid with ammonia, 
while the acid salt is a double compound of the neutral salt and acetic acid. 

Normal salt, CH;COONH,, is a white, crystalline, deliquescent material having a 
specific gravity of 1.073. Itis very soluble in cold water and alcohol, 148 grams in 100 
grams of water at 40°C. giving a saturated solution containing ahout 60% ammonium 
acetate. The solubility does not change greatly with increased tempcrature, at least 
up to 25°C. The specific gravities of its aqueous solutions are: 








Per cent soln, _ ay Per cent soln. di 
10 1.022 40 qd a o 
20 1.042 50 1.092 
30 1.062 








Normal ammonium acetate has a melting point of 113-114°C. and decomposes below 
its boiling point. 
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Ammonium acetate solutions formed by the neutralization of acetic acid with 
ammonium hydroxide, a weak acid and weak hase, respectively, are almost exactly 
neutral, with a pH value of 7.0; hence they ave suitable for the standardization of elec- 
trodes for measuring hydrogen ions and may be used as standards in titration. Solu- 
tions must be made up fresh, however, for they become acid on standing. 

The manufacture of normal ammonium acetate is by the reaction of acetic acid 
with animonia or ammonium carbonate, for example, the saturation of heated glacial 
acetic acid with anhydrous ammonia. The preparation of the dry normal salt requires 
great care because of the loss of ammonia on evaporation of aqueous solutions at 
atmospheric pressure. Alkaline reaction conditions should be avoided. 

Acid salt, CILCOONTL.CH:;COOH, results from the distillation of the neutral 
salt or from its solution in hot acetic acid. In the distillation procedure, the acid salt 
goes over as a heavy oil, and becomes solid on cooling. It erystallizes in long del- 
iquescent needles. Commercial ammonium acetate is a mixture of the normal and 
acid salts. The latter also is readily soluble in water and alcohol and has a melting 
point of 66°C. 

While ammonium acetate is not one of the maost important ammonium salts com- 
mercially, it has a number of industrial applieations. One of the most important is as 
a mordant in the dyeing of wool, where its properties make it specially adapted for 
certain conditions. In the hot dye bath, volatilization of ammonia takes place and the 
solution becomes continuously more acicic. This gradual increase in acidity allows a 
progressive rather than a rapid and complete change, with beneficial results to the dye- 
ing process. A further use of animontum acetate, the exact extent of which is not 
known, is as an electrolyte ingredient for electrolytic condensers. Ammonium acetate 
has had considerable application also pharmaceutically, as a diaphoretic and di- 
uretic. A solution of the normal salt is used (prepared by the neutralization of acetic 
acid with ammonium carbonate). “Liquor ammonii acetatis”’ was an official remedy in 
the 11th edition of the U.S.P., but was uot included in the 12th edition (1942). A 
further considerable use of ammonium acetate is as an analytical reagent. In barrel 
lots, the purified salt was quoted (1947) at about 32 cents per pound. 


Ammonium Bicarbonate, NH,HCO;. See “Ammonium carbonates,” below. 
Ammonium Bifluoride, NILII. See Fluorine compounds. 
Ammonium Borates. Sce Boron compounds. 


Ammonium Carbonates. 


Ammonium carbonate of one kind or another has long been known because of its 
oveurrence and association with animal wastes and exeretions, and was definitely re- 
ferred to iu the early part of the 14th ceutury. While much has been written about 
ammonium carbonates and a relatively large number of compounds of carbon. dioxide 
with ammonia and water have been claimed, a great. many of the salts or double salts 
described were apparontly merely mixtures. 

Ammonium bicarbonate, NHJHCOs, or ammonium hydrogen carbonate, some- 
times also called ammouium acid carbonate, is the most readily formed and the most 
definite of the ammonium carbonates. 

The compound has a specific gravity of about 1.586. Its solubilities in water at 
0°, 20°, aud 40°C., expressed as per cent ammonium bicarbonatein solution, are 10.6, 
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17.8, and 26.8, respectively (12). Ammonium bicarbonate decomposes below its melt- 
ing point, dissociating into the components ammonia, carbon dioxide, and water on 
distillation. If distillation is carried out carefully and sufficient opportunity is given 
for condensation, the sublimation products recombine to form ammonium bicarbonate. 
The vapor pressures of the dry salt are shown below (8): 








Temp, °C, | Vonor presare, | momp, oc, | Vanor prewe, | tremp, Ὁ, | Vanor pressure, 
25.4 δι) 45.0 271.5 54.0 541.5 
34.2 122 50,0 305 55.8 015.7 
40.7 201 50.8 50.2 


423 815.0 





The heat of formation from the materials used in its conmmerceial manufacture, gaseous 
ammonia and carbon clioxide, and liquid water, is given as 30.20 kg.-cal. per mole. 

Ammonium bicarbonate is prepared commercially by passing gaseous carbon 
dioxide through av aqueous ammonia solution, preferably in an absorption column or 
packed tower where the solution flows down countercurrent to the ascending carbon 
dioxide stream. The reaction taking place in the column is: 


NH, + Π.Ο + COs -_ NH4HCO; 


The above reaction is exothermic, hence cooling arrangements for the lower part 
of the column are advisable, When saturation of the solution has proceeded suffi- 
ciently, as evidenced by the increase in specific gravity, precipitation of crystals of 
ammonium bicarbonate results. ‘These are filtered [rom the mother liquor, washed, 
and dried by means of warm air at about 50°C. 

A product of high purity is demanded and obtained in this country because of the 
nature of the uses of the product, Raw materials of high quality are used ordinarily, 
synthetic ammonia, and earbon dioxide from a suitable souroc, for example, from the 
thermal decomposition of limestone. While ammonium bicarbonate can be sublimed 
at a relatively low temperature and could be purified in this manner if desired, it is 
more economical to prepare a pure product directly. 

An important use of ammonium bicarbonate is ay an ingredient of baking powders 
(q.0.), as 1t gives off gaseous products in raising dough and leaves no solid residue. It 
has certain uses in pharmaceuticals, in the production of ammonium salts, and as an 
ingredient of fire-extinguishing compositions. It has definite fertilizing value and has 
been used abroad as a substitute for ammonium sulfate, but it cannot compete with 
the latter compound in this country because it also has the disadvantage of suffering 
loss from atmospheric evaporation. Ammonium bicarbonate was quoted (1947) at a 
price of between 5 and 6 cents per pound. 

Ammonium carbonate, (NH,),CO;. The normal carbonate may be prepared by 
passing gaseous carbon dioxide into aqueous solution of ammonia in a column or similar 
absorption apparatus and causing the vapors consisting of ammonia, carbon dioxide, 
and water vapor to distill off and subsequently condense to a solid crystalline mass. 
Ammonium carbonate has been ealled "sal volatile" or "hartshorn," aud the com- 
mercial product is said to be a double salt of ammonium bicarbonate and ammonium 
carbamate, having the formula NH,HCO;.NH,COONH,. It is the principal ingredient 


of “smelling salts,” and is used for certain other medicinal purposes. Tt is also used as a 
baking powder ingredient. 
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Ammonium Chloride. Sce “Ammonium halides,” below. 
Ammonium Chromate, (NH4);CrO,.. See Chromium compounds. 
Ámmonium Dichromate, CNIL)sCr40;. — See Chromium compounds. 
Ammonium Fluoride, NH,F. Seo Fluorine compounds. 


Ammonium Halides. 


AMMONIUM CHLORIDE 


Ammonium chloride, NHC! dong known as sal ammoniac), formula weight 
53.50, occurs naturally in erevices in tho vieinity of voleanoes, doubtless as a sublima- 
tion produet. 

Physical and Chemical Properties. Ammonium chloride is a white compound. 
It crystallizes in the cubic system; di’, 1.526; the solubility of the salt in water is 
shown in Table I. 


TABLE I. Solubility of Ammonium Chloride. 





Soly. of NHuCl, grains E 


Soly. of NILCI, grams 











‘Tomperature, - + — Temperature, -— ————————- 
ος. In 100 grams In 100 grains 9C, In 100 granis In 100 grams 
water solu. water soln. 
0 29,4 22.7 80 65.6 30.6 
20 37.2 27.1 100 "77.8 43.6 
40 415.8 31.4 115.6 (b.p.) 87.3 46.6 
60 55.3 


35.6 


Ammonium chloride has a specific heat of 0.371 in the temperature range of 1- 
55°C. The effeet of small amounts of the dissolved salt ou the specific heat of water is 
shown by the values of 0.966, 0.937, and 0.881 at 18°C. at concentrations of 2.0, 5.6, 
and 10.6%, respectively. The heat of formation from the elements is 75.79 kg.-cal. per 
mole, and from gascous ammonia aud gascous hydrogen chloride, 41.9 kg.-cal. per 
mole. Smith and Calvert (19) give data on the dissociation pressures of the halides. 

A notable characteristic of ammonium chloride is rts high vapor pressure in the 
solid state at elevated temperatures, such that, when unconfined, ij passes directly 
from solid to vapor without going through the liquid state, and, more characteristi- 
cally, goes directly from the vaporous to the solid state on cooling; in other words, it 
sublimes. The latent heat of vaporization may be taken as 39.6 kg.-cal. per mole, in- 
cluding the heat of dissoviation. Experimental evidence indicates that the vapor re- 
sulting from sublimation does not consist of molecular ammonium chloride, but 
mainly of equal volumes of ammonia and hydrogen chloride. This is shown by the fact 
that the vapor deusity is substantially half of that required if vaporous ammonium 
chloride were assumed. The property of subliming is characteristic of the ammonium 
halides; and, for purposes of comparison, the vapor pressures of the chloride, bromide, 
and iodide are given in Table II (18). The latent heats of sublimation for the three 
halides, assuming complete dissociation of vapors and including the heat of dissociation, 
are 30.6, 44.0, and 42.2 kg.-cal. per mole, respectively. 

Like other ammonium salts of strong acids, the chloride has an acid reaction in 
aqueous solution, and the solid tends to lose ammonia and become more acid on expo- 
sure and in storage. Its aqueous solutions, thereforo, have a notable tendency to 
attack ferrous metal and other metal surfaces, particularly those of copper, bronze, and 
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TABLE I. Vapor Pressure of Ammonium Halides, 


Vapor pressure, wim, Hg 
Temperature, °C. - 








Anunonium chloride Ammonium bromide | Ammonium iodide 
250 10.5 rn 
280 135.0 — ἑ 
500 252.5 55.0 | - 
320 458.1 100.6 == 
337.8 760.0 . — — 
360 | [| c 310.4 235.7 
380 — 552.5 407.3 
304.6 -- 760.0 -— 
400 -- 868.4 075.2 
404.0 — --- 700.0 





brass. Lead-lined apparatus is frequently recommended for this reason, A compound 
of ammonium chloride with zinc chloride is said to be formed, which has important 
applications in galvanizmg operations. 

Manufacture. Ammonium chloride has become a salt of great teclinical impor- 
tance and a number of processes for its manufacture have been employed, based either 
on chrect neutralization or on metathesis or “double-decomposilion” procedures. 
While a crude contaminated product may be produced and may be purified by sub- 
limation, the general practice is to prepare directly a produet of high purity or to re- 
crystallize the material. 


Direct Neutralization. The logical method for the manufacture of ammonium ehloride would 
be hy the neutralization of hydrochloric acid with ammonia, corresponding to the usual processes [or 
ammonium sulfate and ammonium nitrate. For economie reasons this is nol, the method generally 
followed for the chloride. Various proposals have been made for its direct production [rom gaseous 
ammonia and gaseous hydrogen chloride, either dry or in the presence of a relatively small amount of 
water. The reaction is strongly exothermic and the heat generated may be sufficient to volatilize the 
water present and give a dry product. 

Batch processes are in use in which ammonia and commercial bydrochlorie acid are caused to 
react, These two compounds are usually introdueed into a heel of ammonium chloride solution, the 
mother liquor from a previous operation. "The solution is concentrated by heating, and erystalline 
material is recovered from the saturated solution after cooling. Corrosion-resistant material such as 
wood, lead, stone, and the like are recommended for use in the process. Iu order to control and alter 
the size and [orm of erystals, the addition of various materials to the acid crystallization sulution has 
been suggested, such as lead salts and copper salts. 

Double-Decomposition Methods. The processes included here are all based on double-decom- 
position reactions of sodium chloride, the cheapest source of chlorine, with an ammonium salt, the 
latter being either used directly or formed im situ by the introduction of ammonia and a supplementary 
primary ingredient. Formation of a sodium sult and ammonium chloride takes place, the diffieultly 
soluble sodium salt separating out at relatively elevated temperatures and being removed, while 
ammonium chloride is recovered from the filtrate on cooling, 

Ammonia-Soda Process (10,11). (See Alkali and chlorine industries.) In the important 
ammonia-soda or Solvay process, the ultimate goal of which is the production of sodium earhonate, 
ammonium chloride can he obtained as a by-product, This helps to explain the economie attractive- 
ness of the process for manufacturing ammonium chloride. The method comprises the reaction of 
ammonia, carbon dioxide, and sodium chloride, as shawn generally by the following overall reaction: 


NaCl + NH + CO, -++ RO ———> NaHCO, + NELCl 
This may be broken down, if desired, into the two reactions: 
NH, + TO + CO —— NILHCO 
NILHOM + NaCl ———— NaHCO, + NILO 
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The sodium bicarbonate precipitates out of solution and is filtered off. The filtrate may be concen- 
trated und cooled, and the ammonium chloride recovered by crystallization, and then washed and 
dried. ‘The demand for sodium carhonate is, of course, tremendously greater than that for ammonium 
chloride, so that the greater part of the latter salt formed is not retained as such. Instead, by dis- 
tillation with lime, the ammonia is recovered and returned to the brine-ammoniation step. Ammo- 
nium chloride may also he produced in lhe ammonia-soda process from the waste calcium chloride 
liquor (whieh is à final product in sodium carbonate production), hy treatment with ammonia and 
carbon dioxide. Calcium earbonate separates out and the ammonium chloride solution remains. 

Ammonium Sulfate-Sodium Chloride Process (6). Ammonium sulfate is the most widely and 
readily available of the ammonium salta, and the process depending on its double deeomposition with 
sodium chloride is said to be in large-scale use. The reaction involved is the following: 


(NEL)80, + 2 NaCl ———> NaSO, + 2 NILCI 


In this procedure, ammonitun sulfate and sodium chloride are introduced into solution together, 
preferably being added to a heel of ammonium chlorice solution, The amount of sodium chloride 
should be in excess by about 5% of the quantity equivalent to the ammonium sulfate used. The mix- 
ture is maintained hot and is agitated vigorously for some time. The pasty mixture is filtered by use 
of suction, the filter ancl all connections being kept hot to avoid crust formation. The sulfate on the 
Flter is washed substantially free from ammonium chloride, the washings being returned to the proc- 
ess, The ammonium chloride filtrate is run into crystallizing pans in which it is concentrated and 
cooled. These pans are of acid-resistant material and may be lead-lined. Ammonium. chloride 
crystallizes from the solution and is filtered, washed free from sulfate with water, and dried. A 
product of high purity is obtained, No attempt is macle to approach complete erystallization of the 
ammonium chloride content, and the residual mother liquor is used as a hecl as described above. 

Ammonium Sulfite-Sodium Chloride Process (3). A large plant has been operating in Canada 
utilizing the double decomposition of ammonium sulfite and sodium chloride. Actually, instead of 
ammonium sulfite, ammonia and sulfur dioxide have heen introduced and caused to react with sodium 
chloride according to the reaction: 


2 NaCl -- SQ. + 2. NH; -+ H.O ———+ Na,SO, + 2 NELCI 


The raw materials are all readily available and of high purity: salt brine from neighboring salt minos, 
anhydrous ammonia in tank cars, and sulfur dioxide from a nearby contact sulfuric plant. 

Substantially equivalent amounts of sodium ehloride, sulfur dioxide, and ammonia are brought 
into aqueous solution, The procedure is to add ammonia and sulfur dioxide simultaneously, a slight 
exvess of sulfur dioxide being used so that a bisulfite content of 1.4-2.507 is maintained in the solution. 
Toward the end of the reaction, the rate of addition. of sulfur dioxide is reduced so that the final hi- 
sulfite content: is 1.2%. The reaction is allowed to reach equilibrium at 60°C., where sodium sulfite 
precipitates, This latter salt is centrifuged, washed with water, and dried, while the ammonium 
chloride mother liquor goes to crystallizing tanks. The solution is concentrated and ammonium 
chloride crystallized out, After washing and drying, a highly pure product is obtained, said to 
analyze well over 99%, 


Analysis. A standard method of determining the purity of ammonium chloride is 
by the Kjeldahl method for ammonia, if the presence and amounts of other ammonium 
compounds are known. An alternative method would involve chloride determination, 
cither gravimetrically or volumetrically. These methods, however, are rather time- 
consuming. Consequently, a rapid control procedure has been used depending on the 
liheration of free hydrochloric acid by addition of formaldehyde to the aqueous solution 
of ammonium chloride, hexamethylenetetramine being formed. The following reac- 
tion takes place: 


4 NILCI 4- 6 HCHO —-—> OypHeNs + 6 HO + 4 HCl 
The formaldehyde, before use, should be neutralized with sodium hydroxide and the 


hydrochloric acid formed may be titrated, using phenolphthalein as indicator. 
Economic Status and Uses. According to official Census figures, the production 
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of ammonium chloride in the United States in 1939 was 45,522,754 pounds, with a total 
value of $2,051,348, showing a price of 4.5¢ per lb. The imports for the same year for 
this compound amounted to over 8,000,000 pounds. Because of its industrial impor- 
tance, production has undoubtedly been much increased during subsequent war 
years, 

Ammonium chloride has a number of important uses. The greater part of its 
production undoubtedly gocs into the manufacture of so-called dry cells, which are 
marketed in enormous quantities in various sizes and shapes and have à great number 
of applications. In general, these cells comprise a positive pole consisting of a rod of 
carbon and a negative pole of a cylindrical sheet of zinc, a mixture of manganese di- 
oxide, graphite, and ammonium chloride in the form of a paste filling the space sur- 
rounding the positive pole and inside the negative pole. (See Batteries, dry). 

Ammonium chloride is also an important flux material Lor use in soldering, tinning, 
and galvanizing (9), for which purposes it is commonly designated as sal ammoniae. 
In the galvanizing operation, the ferrous sheets for treatment are freed from rust hy 
treatment with hydrochloric acid and then forced down through the sal Ammoniac 
floating on the surface of the molten zine, In tinning operations, the flux aids in the 
thorough cleaning of the sheet surfaces and in the removal of moisture, so that the tin 
will adhere uniformly to the ferrous metal. Inits use as a flux in the above procedures, 
ammonium chloride may be used by itself or, often preferably, together with zine 
chioride. 

While ammonium chloride has been proposed for use as a fertilizer, this can be 
justified economically only for surplus material, and there is considerable question as 
to its desirability as a fertilizer, due to the action of the chloride ion. 

A number of commercial forms of ammonium chloride are marketed, depending on 
the use of the material and varying from fine white crystals of 99-100% purity to 
large crystals and pressed lumps. While sublimation is emphasized as an important 
step in older treatises, this appears to be of minor importance at the present time. 


AMMONIUM BROMIDE AND IODIDE 


Ammonium bromide and iodide, NH4Br and NELI, have important applications, 
but they are greatly overshadowed by ammonium chloride iu this respect. The proper- 
ties of the three halides (chloride, bromide, and iodide) differ widely, but the com- 
pounds are related and can advantageously be considered with relation to one another. 

The formula weights of ammonium chloride, bromide, and iodide are, respectively, 
53.50, 07.96, and 144.96, and the d?"s naturally follow the same increasing trend, 
namely, 1.526, 2.3956, and 2.515. All three compounds crystallize in the cubic system. 
The bromide and iodide are more soluble tn water than the chloride and have the 
following solubilities, in grams per 100 grams water (8): 





Soly, ammonium snlt, rams Soly. amunonium salt, grams 

















Temp. °C. Tempa 9C... j—————————À— τη. 
Bromide Indide Bromide lodide 
0 60.6 184.2 60 107.8 208.0 
20 75.5 172.3 30 126.0 228.8 
40 91.1 100.5 100 145.6 | 30 50. 3 





Lkie ammonium chloride, the bromide and iodide sublime at elevated tempera- 
tures and pass directly from solid to vapor state, as well as in the reverse direction on 
cooling, without going through the liquid phase. The quantitative values for the in- 
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erease in vapor pressure with temperature for the three halides are given under 
“Ammonium chloride,” where it will be seen that the sublimation temperatures are 
successively higher with the heavier compounds. Whereas the chloride has a vapor 
pressure of 700 mm. at 337.8^, this value is reached with the bromide and iodide at 
394.6? and 404,9? C., respectively. The specific heats of the bromide and iodide at 
around ordinary temperatures are 0.2109 and 0.1151, while the respective heats of 
formation from the elements are 65.35 and 49.31 kg.-cal. per mole, with bromine and 
iodine in liquid and solid states. 

Ammonium bromide may be made by the reaction of ammonia with hydrobromic 
acid or, more economically, by its aetion on bromine. The two procedures utilize the 
following reactions: 

᾿ NH, -- HBr ——— NH4Br 
8 NI 4- 3 Br; ———— 6 NII,Br 4- Ns 


Α certain excess of ammonia should be used in the latter reaction. In & method which 
has been usecl commercially, both in this country and abroad, bromine ig passed over 
. iron surfaces; the solution containing the mixture of ferrie and ferrous bromide is then 
treated with ammonia, whereupon the oxides of iron are precipitated. Ammonium 
bromide ean be crystallized from the concentrated liquor. 

Generally similar methods are employed for preparing ammonium iodide by reac- 
tion of ammonia with hydrogén iodide or, preferably, with iodine. 

Both ammoniwn bromide and ammonium iodide have limited commercial appli- 
cations. They are used in photography and for pharmaceutical preparations. 


Ámmonium Hexanitratocerate, (NTL)SCe(NO;).. See Certum. 
AÀÁmunonium Hydroxide, NH,OH. See Ammonia. 

Ammonium Iodide. See under “Ammonium halides,’’ p. 816. 
Ammonium Molybdate, (NT,)2Mo0Q,. See Molybdenum compounds. 


Ammonium Nitrate. 


Ammonium nitrate, NHyNOs, formula weight 80.05, does not occur naturally and 
was first made and deseribed in 1659 by Glauber, who called it nitrum flammans 
because of the difference of its yellow flame from that of potassium nitrate. 

Physical and Chemical Properties. Ammonium nitrate is a white crystalline 
solid; dj’, 1.725; its extremely high solubility in water is shown in Table III. 


TABLE IIL Solubility of Ammonium Nitrate. 


Soly. of NEANO:, grams 


| Seoly. of NHsNOs, grams 
Temperature, aan 











7 Temperature, - 
In 100 granis In 100 crams °C. In 100 grams In 100 grams 

water soln. water ‘ soln, 

0 118 54.2 60 410 80.4 

10 150 60.0 70 499 83.8 

20 187 65.2 80 576 85.2 

30 232 69.9 90 740 88.1 

40 207 74.8 100 848 89.4 
50 846 77.6 





As would be expected from its high water solubility, ammonium nitrate is a very 
hygroscopic salt and takes up atmospheric moisture readily, a property that compli- 
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cates its use in explosives and fertilizers although this disadvantage has been consider- 
ably overcome by careful handling. Solid ammoniwn nitrate will pick up water from 
air in which the aqueous vapor pressure exceeds the vapor pressure of a saturated solu- 
tion of the salt at the same temperature. The vapor pressures of such solutions at 
ordinary temperatures and the effect of the dissolved salt in lowering the pressure are 
shown below: | 









Vapor pressure Vapor pressure 





pressure Vapor pressure 
Tomp., "C. of water, of sald. soln., Temp., °C, of water, of sutd. soln., 
mm, Hg mm, Hg mm, Hg mm, Hg 
10 9.21 6.45 30 31.80 19.0 


20 17.55 11.25 40 55.40 


20.2 





Solid ammonium nitrate is very soluble also in anhydrous ammonia; th dissolves 
in the liquid, or absorbs arnmonia gas to form what is known as Divers’ Liquid. Aecord- 
ing to Raoult (14), the amount of ammonia taken up by 100 grams of ammonium 
nitrate is 42.5 and 31.5 grams at ~10° and 18°C., respectively, giving liquids contain- 
ing about 30 and 2495 ummonia. Anunonium nitrate is somewhat soluble also in 
absolute ethyl alcohol, the solubility increasing from a value of 3.8% at 30° to 10.1% 
at 80°C.; it is more soluble in absolute methanol, 20% at 80° and 39.6% at 60°C. Tt 
is slightly soluble in acetone. The solubility in aqueous organic solvents increases 
rapidly with water content. 

The freezing points and boiling points of solutions of ammonium uitrate are im- 
portant because of the handling of such solutions in commercial operations. The con- 
siderable effect of small percentages of water in the freezing point is shown below (15): 











Per cent water F.p., ο Per cent water F.p., ος, Ter conb water Epa A 
0 169.6 3,20 133 8,76 99 
1.05 157 4,30 122 10.04 95 
2.01 | 


146 6.24 112 





Iu the concentration of ammonium nitrate solutions and particularly in the final 
evaporation stages, the degree of concentration may be judged by determination of the 
freezing point on a sample of the solution or melt. 

The elevation of the boiling point of water and the boiling points of solutions of 
water in ammonium nitrate are important, also, as showing the temperatures required 
for removing the water from such solutions (4): 








_ NLNG Bop. °C. NONO, Bp, °C. NONO, B.p., ?C. 
10 101 50 109.5 8 — | 136 
20 102.5 60 113.5 90 147 
30 104 70 119.5 05 170 
40 107.5 80 128.5 96 180 





Ammonium uitrate in the solid state occurs in five different modifications (5), 
with definite transition temperatures at which the changes in the crystal form take 
place. These are shown in the following tabulation: 
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Modification Designation Temp. range, °C, Crystal system 
Liquid τ 169.6 --- 
1 ε 169, 6-125 .2 Cubic 
Il 8 125.2-84.2 Tetragonal 
IH Y 84,2-32.1 Rhombic 
Iv β 32.110 —18 Hhombic 
V e Below —18 Tetragonal 








The change from one crystal form to another at the various transition points has been 
given, considerable attention, Ammonium nitrate in finely divided state tends, on 
storage, to set or cake to a hard mass that complicates its handling and use; and pas- 
sage of the stored material through transition points is considered to affect the physical 
condition. The 84.2° point is of interest due to the sudden expansion of the erystals 
that takes place during the cooling of the salt through this point. The 32.1° point, 
however, is the most important because of its closeness to normal storage temperatures 
during hot, weather. These transition points can be detected by the temperature lag 
when the crystalline salt is allowed to cool and temperature is plotted against time, 
though tlie 32.1? point is less readily defined by such methods. 

The thermochemical properties of ammonium nitrate are important scientifically 
and comtnercially. The solid salt has a specific heat of 0.407 between 0° and 31°C., 
that is, at norma] atmospheric temperatures. Mellor gives the specifie heats of its 
aqueous solutions in the temperature rauge of 18-50°C, as follows: 


Per cant 


Sp. heal, 











1 Per vent [| Sp. heat, Per cont Sp. bent, 
NHN Os ceal /mole NHaNQa cal./mole NH4NO; cul. /mole 
2.0 0.0654 15.1 0.8797 47.1 0.697 
9.1 0,0259 28.0 0.7227 64 | 0.6102 





The coefficient, of expansion at 20°C. is 0.000982, varying between 0.000920 at 0° and 
0.001118 at 100°C, The leat of formation from the elemeuts is 87.13 kg.-cal. per mole. 

Ammonium nitrate possesses a negative heat of solution in water and, according 
to Ruddorf (14), when 60 parts of the salt is dissolved in 100 parts of water by weight, 
the temperature is Iowered from 13.0? to —13.6?C.. Ammonium nitrate may be used 
effectively, therefore, in preparing freezing mixtures, with common salt aud water, for 
example. Solution of ammonium nitrate in anhydrous ammonia, however, is aceom- 
panied by positive heat evolution. The heat of neutralization of ammonia and nitrie 
acid in dilute solution is 12.44 kg.-cal. per molo. 

Although ammonium nitrate tends to lose ammonia and become slightly acid on 
prolonged storage and wader gentle heating, it is generally a very stable salt. Its de- 
composition under shoek or at elevated temperatures may take place in at least two 
widely divergent manners, with the formation of different products, as shown below: 


NILNO; ——— N4O 4- 2 HO 
2 NILNO; +2 Ns + 4 ILO + Os 





The first reaction occurs when ammonium nitrate is heated to temperatures of 200— 
20050, and may he carried: out safely, and, even when the reaction is rapid, it can be 
controlled. It is the basis for the commercial preparation of nitrous oxide. The second 
reaction takes place with great rapidity and violence when ammonium nitrate detonates 
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as an ingredient of commercial high explosives. Generally speaking, the second reac- 
tion occurs only under the influence of extreme heating under confincment, or through 
initiation by a powerful priming explosive charge. The presence of free oxygen in the 
decomposition products indicates one function of ammonium nitrate as an oxidizing 
agent in dynamite compositions, since it has an oxygen balance of 4-20% (see Explo- 
sies). While the reactions shown are the ones characteristic of the two extremes of 
controlled decomposition and complete detonation, various intermediate stages may 
result, with formation of varying amounts of higher oxides of nitrogen, 

- Ammonium nitrate acts as an oxidizing agent in many reactions at ordinary tem- 
peratures, and in aqueous solutions it is reduced by various metals. Its ability to 
absorb anhydrous ammonia and to dissolve in it to form Divers’ liquid has been de- 
scribed under its physical properties. It is probable that “addition compounds” are 
formed in which the dry solid may be said to retain ammonia of erystallization, as 
2NT4NO;,3NTHs or NH4NO,3NHs..— Addition compounds are said to be formed also 
with nitric acid. 

Ammonium nitrate solutions attack many metals corrosively aud, where hot solu- 
tions will come into contact with, or be evaporated in, ferrous metal containers, chemi- 
cally resistant alloys should be employed. The solutions attack copper and its alloys 
with particular rapidity, and this metal should be avoided where ammonium nitrate 
solutions are concerned. 

Manufacture, While ammonium nitrate has been produced by double-decom- 
position processes and one such method for the reaction of sodium nitrate with ammo- 
nium sulfate was ol counsiderable importance during World War I, the commercial proc- 
esses have depended ahnost wholly on the neutralization of nitrie acid with ammonia 
in liquid or gaseous form. 

Raw Materials. Ammonia and nitric acid are two basic raw materials, tho manu- 
facturing processes for each of which have been revolutionized in the past twenty to 
thirty years. Aqueous ammonia liquors containing up to 27% ammonia were avail- 
able Irom gasworks and coke ovens, and were the principal source in earlier years. 
Ammonia of high purity from the conversion of calcium cyanamide was widely used 
during World War I. In recent years, synthetic animonia from the elements has 
been available ai low price and shipped in tank ears as anhydrous liquid ammonia, 
which is generally the most attractive form for use. Nitric acid, as produced from 
sodium nitrate from Chile, was formerly the second raw material, but this has now 
been largely replaced by acid resulting from the oxidation of ammonia. 

Steps in the Process. The manufacture of ammonium nitrate in dry form consists 
essentially of three steps: neutralization, cvaporation of the neutralized solution, and 
graining for control of the particle form and size. The second and third steps are some- 
times combined. 

(1) The neutralization step comprises the reaction: NH, + HNO; — NH4NO;s. 
When pure reactants are used, for example, synthetic ammonia and nitric acid, direct 
neutralization is the procedure. Formerly, when impure gasworks ammonia was used, 
often containing fixed ammonium salts and contaminated with sulfur, pyridine, tarry 
products, and other organic materials, it was frequently desirable to distill the ammonia 
into the acid, after addition of lime to the liquor. Since the reaction of ammonia with ` 
nitric acid is strongly exothermic and both materials are volatile at temperatures that 
may be encountered, care is taken to prevent: losses of materials. ‘The usual proecdure 
has been to maintain during neutralization a slight excess of nitric acid (the less vola- 
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tile of the two reactants), and to control the temperature below a predetermined point 
by regulated addition of the materials and hy removal of heat. This removal of heat 
has apparent economie disadvantages, as heat must subsequently be applied for 
evaporation of the solution. In recent years, a number of processes have been proposed 
involving complete utilization of the heat of neutralization. 

(2) Evaporation involves the separation of solid ammonium nitrate from its water 
solution. Three procedures have been proposed for this, one of which consists m 
evaporation of the neutral salt solution to a higher degree of concentration, cooling, 
and crystallization of the ammonium nitrate. A second, widely practiced method has 
comprised evaporation of the neutral solution to a relatively low water content—e.g., 
below 10%, where substantially a solution of water in molten ammonium nitrate is 
present—and granulation during eooling in a separatevessel. According to a third pro- . 
cedure, the neutral solution of relatively high concentration is subjected to continuous 
evaporation, so that the product goes through the successive forms of an aqueous solu- 
tion of ammonium nitrate, molten ammonium nitrate containing dissolved water, and 
anhydrous, molten ammouium nitrate. This latter material can be produced in the 
desired form by spraying, Making, casting, or other method of treatment. 

(3) Graining is actually a final part of the evaporation. The material from the 
evaporator (with low water content) is dried completely by cooling at a controlled rate 
in jacketed graining kettles, with agitation, and use of heated-air currents if desired. 
This step makes it possible to obtain a product of controlled density and particle size. 


Batch process (20) is a widely used process involving the batch neutralization of aqueous nitric 
acid with ammonia, evaporation of the neutralized solution, and graining during the last steps of dry- 
ing. An acidified heel of ammonium nitrate solution [rom a previous run is present iu the neutralising 
tank of wood or acid-resistant steel, and nitric acid of around 50% strength and ammonia in gaseous 
or liquid form are run in simultaneously and continuously in controlled amounts. Cure is taken to 
maintain a temperature helow the boiling point and a slight excess of acid in the solution, The end 
point can be determined visually, because the solution is of « clear, greenish color when acid but takes 
on a yellowish turbidity when alkaline. ‘ 

When sufficient neutralized solution has been prepared, it is introduced in the required amount 
into large, open evaporating pans of suitable acicd-registant metal heated by steam.. Here evaporation 
takes place from a concentration of about 50% strength to a solution of over 96%. ammonium nitrate 
content. Development of aciclity during evaporation is prevented, if necessary, by addition of small 
amounts of an inorganic antacid, such as chalk, zine oxide, or the like. Acid reaction can be detected 
here by the characteristic color change of the solution, Mechanical or compressed-air agitation is 
maintained throughout the operation, and the end of the evaporation may be controlled by freezing- 
point determination of the concentration of the solution, or by visual observation of erystallization at 
the cooled surface ol a sample of the solution. ` 

The ammonium nitrate solution from the evaporating pans, containing only a small percentage 
of water, is removed to a jacketed graining kettle of suitable resistant metal, in which final removal of 
water takes place during mechanical agitation, with the use of supplementary air if desired. Since an 
important use for ammonium nitrate is in dynamite explosives in which grain size has an important 
effect on explosive properties, the particle characteristics are carefully regulated to give the desired 
product: by temperature control, rate of cooling, and addition of suitable adjuvants. 

Methods Based on Complete Utilization of Reaction Heat. The Fauser process (26) has assumed 
considerable importance abroad, both in Italy and other countries. In this process, the heat of 
neutralization is utilized completely; this step is carried out in an enclosed chamber under super- 
atmospheric pressure to prevent loss of reactants. Aqueous nitric avid. and gaseous ammonia are 
introduced continuously in reacting proportions through separate inlets into a chamber containing 
neutralized liquor, in which the reaction takes place with the continuous development of heat. This 
chamber is maintained under a pressure of several atmospheres, so that this at all times is considerably 
in excess of the vapor pressure of the ammonium nitrate solution present. The reactants enter at the 
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bottom of the chamber and, by means of a valve arrangement, hot ammonium nitrate solution is con- 
tinuously discharged at the top into an outer vessel maintained at atmospheric pressure. The sensi- 
ble heat of this solution and its contact with the inner vessel cause boiling and concentration of the 
neutralized solution, so that highly concentrated liquid ean be drawn off, The steam from the con- 
centration in the outer vessel is utilized to preheat the reactants prior to neutralization, Final re- 
moval of the last portions of water from the ammonium nitrate is then effected. 

Bamag-Meguin A.-G. (23) introduce nitric acid solution and ammonia gas into the lower part of 
«mass of fused ammonium nitrate at its boiling point at atmospheric pressure, for example, into a 90% 
solulion boiling at about 150°C. The reaction heat is utilized to concentrate further Lhe salt solution, 
and the steam evolved serves to preheat the ammonia and nitric acid. 

Caro and Prank (22) digelose a process which may be carried out batehwise or continuously, in 
which solid, dry, ammonium nitrate is first introduced into the reaction vessel, then ammonia gas and 
95% nitric acid in equivalent amounts are added. Alternatively, Divers’ liquid, produced hy the 
absorption of ammonia hy solid ammonium nitrate, may be treated with the nitric acid. The hent of 
reaction is absorhed by the solid salt or is conducted olf by the cooled walls of the reactor. 

According to Toniolo’s process (21), ammonium nitrate solutions of sufficient, concentration to 
permit the formation of a dry produet are obtained by pouring or spraying molten nitrate of perhaps 
10% water content over dry ammonium nitrate or by melting the dry salt with the wel molten nitrate, 
This procedure makes it, possible to obtain the desired result with the uso of lower temporatures than 
would he necessary normally. 

A number of processes described are concerned with stages in the operations after neutralization 
ig complete, and with the preparation of the final dry product. Symmes (20) starta with a highly con- 
centrated solution (having a freczing point, for example, of 188°C. and a water content of around 
3.572), and sprays it, through a nozzle under pressure at a temperature of 155°C, Thus he removes 
the last of the water present and obtains spherical hollow globules characterized by low density. 

Converse, Handforth, and Harris (27,28) disclose a method for continnously producing dry 
ammonium nitrate in fused form. An ayqueons neutral solution of aminonium nitrate, desirably in 
concentrated form, is caused to flow in the formof a thin film of liquid continuously over a heated sur- 
face maintained at a temperature well above the melling point of the anhydrous salt, for example, al. 
180°C. "The time of contact of the film is so short, because of the rapid vate of (low, that decomposi- 
tion is avoided while the greater part of the water is removed. Handforth and Simon (29) continue Lhe 
procedure, remove the last, traces of water from ammonium nitrate, and obtain particles of controlled 
fineness and density by spraying highly concentrated solutions (for example, 1—2.5975 walter content) 
by means of a revolving disk. The higher the peripheral velocity of the disk, the finer the particles, 
The specifie gravity is dependent on the concentration of solution fed to the disk; the less concen- 
trated the solution, the lower the specilic gravity of the product. Since ammonium nitrate is an ex- 
tremely important ingredient in certain types of dynamites in which density and particle size have a 
controlling effect on explosive properties, the importance of such a method is apparent. 

Double-Decomposition Methods. The methods of manufacture described above depend on the 
neutralization of nitric acid with ammonia, two ingredionts obtainable ordinarily in any amounts de- 
sired, During World War 1, before synthetic ammonia and nitric acid from amunonia oxidation were 
available to the Allies, and when there was a shortage of ammonia, huge quantities of ammonium 
nitrate were produced, both in England and the United States, by a method depending on the double 
decomposition of sodium nitrate and ammonium sulfate. The process of Freeth aud Cocksedge (24) 
depended on the differences in solubility of ammonium nitrate and sodium sulfate in water at different 
temperatures, A hot concentrated solution of sodium nitrate and ammonium sulfate was prepared, 
from which the greater part of the sulfate separated as the anhydrous sodium sult. After cooling, the 
solution was diluted sufficiently to prevent further separation of sodium salts. The solution was then 
cooled again, and pure ammonium nitrate deposited. Additional amounts of sodium nitrate and 
ammonium sulfate were added periodically in equimoleeular amounts, and alternate separations of 
sodium sulfate and ammonium nitrate were obtained. The process yielded à product of high purity, 
but could be economically justified only when the nsual ammonia supplies were inadequate. 


Quality of Product. Ammonium nitrate, as produced from the highly pure syn- 
thetic raw materials now generally used, is a white product of high purity. The U.S. 
Army and Navy specifications call for a material of at least 99.0% ammonium nitrate 
contact, having a water content not greater than 0.15%, and containing only small 
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amounts of ether-soluble and water-iusoluble material, sulfates and chlorides, and no 
nitrites. The salt should be frec from alkalinity and have not more than a very small 
amount of acidity. Good commercial ammonium nitrate readily meets these specifica- 
tions, and the nitraszcontent is determined on the nitrometer. 

When intended for use in nitrous oxide manufacture, even higher quality is re- 
quired: a purity not less than 99.5%, with substantial absence of organie matter, iron, 
chlorides, and. sulfates. 

Safety Considerations. Ammoniuin nitrate is 4 potential explosive and actually 
functions a8 a powerful explosive compound when suitably primed; it has about 70% 
the strength of nitroglycerin. Some explosions have occurred in the past with the 
material, usually because of its subjection to unduly high temperatures, together with 
confinement or the presence of organic matter, or both. A violent explosion occurred 
at Oppau, Germany (18), in 1921, when 4500 tons of an auunonium sulfate~ainmonium 
nitrate mixture or double salt detonated with tremendous destructive force. Careful 
investigation of the conditions leading to the disaster revealed that reckless disregard 
of safety precautions had characterized the handling of the material, and that the 
material was being regularly blasted with dynamite in order to break up the caked 
mass. A thorough study of the explosibility of ammonium nitrate in the following year 
by an official American commission found ammonium nitrate to be altogether safe for 
handling, when properly treated. The report by Munroe (16) concluded that ‘“ammo- 
nium nitrate when stored by itself... and apart from explosive substances is, for trans- 
portation and storage, not an explosive.” 

A subsequent disaster took place in 1947 at Texas City, Texas, where an explosion 
occurred of two freighters loaded with several thousand tons of ammonium nitrate. 
Both explosions, which were many hours apart in time, followed extremely vigorous 
fires aboard the vessels. The ammonium nitrate was packed in heavy paper sacks of 
100-pound content, and was nitended for use as fertilizer and so Jabeled. Ammonium 
nitrate is, of course, a vigorous supporter of combustion, and counsiderable oxidizable 
material was certainly present, both in the form of the paper containers and the surface 
coating of organie oxidizable materials, stated to have been used to prevent caking. 
"The miscellaneous eargoes aboard the vessels also included other highly combustible 
materials. 

Following the explosion, a joint report of the Fire Prevention Bureau of Texas and 
the National Board of Fire Underwriters (17) ontlined precautions to be observed in 
handling and transporting ammonium nitrate. 

Economic Status and Uses. Ammonium nitrate is a highly important chemical 
compound in both peace aud war, According to oficial Census figures, the production 
in the United States in 1939 amounted to 51,935,228 pounds, with a value of $1,341,- 
317, which means a price of 2.6 cents per pound. The greater part of this material 
went mto commercial dynamite explosives, which have constituted the most important 
use of the salt. In wartime, ammonium nitrate is even more in demand, for use in 
military explosives where it is blended with trinitrotoluene to form Amatol, as well as 
being used in other disruptive and demolition explosives. While exact figures are not 
available, the tremendous importance of ammonium nitrate in war is scen from the fact: 
that during World War IT, the United States Government contracted [or the con- 
struction of at least three ordnance works having a total eapacity of 450 tons per day; 
this was in addition to greatly increased output from plants previously in operation. 
(See Explosives.) 
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A second important use for ammonium nitrate is as an ingredient of fertilizers 
(q.v.). It is a source of nitrogen, containing approximately 35% nitrogen. Formerly, 
sodium nitrate, ammonium sulfate, and organic matter have been preferred sourees of 
nitrogen for fertilizers because of their availability and because ofiie marked tendency 
of ammonium nitrate to cake into a hard mass difficult to handle efficiently. Much 
work has been carried out to overcome these disadvantages and ammonium nitrate is 
potentially of great consequence to the fertilizer industry. A minor, but important 
application, is in the manufacture of nitrous oxide, an anesthetic in extensive use. 
This gas is formed by heating ammonium nitrate under controlled conditions at tem- 
peratures above 200°C. 


Ammonium Perehlorate, NH,CIO, — See Chlorzne compounds, inorganic. 
Ammonium Persulfate, (NH4)9S,0s.— See Peroxtdes. 

Ammonium Phosphates. See Phosphoric acid. 

Ammonium Sulfamate, NH.SO;NHy. See Sulfamic acid. 


Ammonium Sulfate. 


Ammonium sulfate, (NFL).80,, is a white, crystalline compound, formule weight 
132.14. The crystals are of rhombic structure; d$, 1.789. The m.p. of ammonium 
sulfate, as determined in a closed system, has been reported in the literature (2) as 
518° = 2°C. Upon heating in an open system, the sulfate begins to decompose at 
100°C. and yields the “acid” sulfate (bisulfate), NEL,HSO,, which has a m.p. of 
149.90. The solubility of ammonium sulfate in 100 ml. of water is 70.6 grains at 
0°C., and 103.8 grams at 100°C. It is insoluble in alcohol and acetone, 

The manufacture of ammonium sulfate is deseribedl in the article Ammonia. 

Uses. Ammonium sulfate finds its greatest outlet in the field of fertilizers (g.v.) 
and has long been used as a nitrogen constituent in fertilizer mixtures and for direct 
application to crops. 

Ammonium sulfate is used in combination with chlorine in water-treating opera- 
tions. In this respect the sulfate furnishes ammonium ions, which in turn react with 
the hypochlorous acid formed by the chlorine and water. Depending upon the pH of 
the water being treated, either monochloramine, NHC, or dichloramine, NHCh, 
willbeformed. In the dilutions encountered in watcr-works practice, monochloramine 
is nearly always found except in eases of very acid waters. 

Ammonium sulfate js added to dilute molasses mash" after it is pumped to the 
large fermenters in alcohol plants. The sulfate is added to furnish nitrogen, a nutritive 
constituent required for the growth of the yeast. 

In combination with ammonium phosphate (either primary or secondary), sodium 
tetraborate, and boric acid, ammonium sulfate is utilized in the manufacture of fire- 
proofing compounds und flame retardants for lumber, textiles, and insulating materials, 

In the tanning process, hides undergo a bating or deliming action which utilizes 
ammonium sulfate as the deliming agent. The ammonium salt dissolves the lime in 
the skins and thus regulates the pH of the solution, so that the enzyme pancreatin, also 
employed, is activated and removes certain proteins such as elastin. 

Ammonium sulfate is used in the manufacture of ‘iron blues.’ These are made 
by the precipitation of ferrous sulfate solutions with sodium ferrocyanide in the pres- 
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ence of ammonium sulfate to yiold a white ferrous ferrocyanide which is oxidized to 
ferric ferrocyanide. 


Ammonium Sulfides. 


Various ammonium sulfides may be formed as compounds of ammonia and hydro- 
gen sulfide, or of these compounds and added swfur. In general, it may be stated that 
these sulfides are not very stable compounds on storage and tend to change in composi- 
tion and mass on standing. 

Ammonium sulfide, (NH,).5, results from the reaction of hydrogen sulfide with an 
excess of ammonin:; 2 NH, + B28 — (NH,)8, The compound is stuble only at tem- 
peratures below —18°C., and at higher temperatures loses ammonia and changes to 
the hydrosulfide. 

Ammonium hydrosulfide NELIS, results from the reaction of equivalent amounts 
of mnmonia and hydrogen sulfide: NH; -+ H.8 — NH,HS, or from the loss of one 
molecule of ammonia from ammonium sulfide. The hydrosulfide has a high vapor pres- 
sure, 748 mm. at 32.1°C., and sublimes very readily at ordinary temperatures. The 
hydrosulfide is very soluble in water, liquid ammonia, liquid hydrogen sulfide, and 
alcohol, but is insoluble in ether and benzene. The vapors from ammonium hydro- 
sulfide are highly toxie, as would be expected from its dissoeiation into hydrogen sulfide 
and ammonia. 

Ammonium polysulfides. A number of polysulfdes have been deseribed and 
claimed, although definite compositions are rather uncertain. The general method of 
formation is by action of excess powdered sulfur on ammonium sulfide solutions, 

Ammonium sulfides are used in the textile industry. 


Ammonium Tetrasulfatocerate, (NH,)eCe(S0)3.2H,O. Soe Cerium. 


Ammonium Thiocyanate (sulfoecyanide), NTLSCN. | Sce Cyanides and. cyangoen com- 
pounds. 
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AMMONOLYSIS 


General Principles; Ammonolysis with Aqua Ammonia, 8290; Vapor-Phase 
Ammonolysis, 887; Ammonolysis with Anbydrous Ammonia, 830; Iudireet Am- 
monolysis, 841. See also Aminalion by reduction; Ammonia. 


L General Principles 
A. DEFINITIONS 


Ammonolysis is the term used to designate reactions of ammonia that are 
analogous to the familiar hydrolysis reactions of water. The general term is 
sowolysts, of which ammonolysis and hydrolysis are special cases. Ammanolysis 
may be defined as the cleavage of a bond by reaction with ammonia. Tt always 
involves replacement of hydrogen of the ammonia by other atoms or radicals. Re- 
actions in which ammonia molecules are added intact are excluded from this class 
and are designated by the term ammonation (9,11). Ammonolytic reactions are 
frequently double decompositions, as in the conversion of alkyl halides to amines: 

ROL -- NH; ——— RNH; -Ἴ- ΠΟΙ 


but may involve addition of ammonia (but not intact molecules), as in the formation 
of aldehyde ammonia: 


3 CHaCHO + 8 NH; ———> [CH,CH(OID NI], 
or the reaction with acrylonitrile (29): 

2 CT: CHON ++ NH; ———> HN(CTILCH.CN), 
Application of the term ammonolysis to double decompositions is more familiar, 
and it is used exclusively in this sense by some writers. However, it ix easy to 
demonstrate that attempts to restrict the term to such cases would lead to dificul- 
ties, The first difficulty is that some reactions could then he classified only when 


the detailed mechanism had been discovered. Thus aldehydes, on simultaneous 
treatment with hydrogen and ammonia, yield primary amines: 
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RCHO + NH; + 2 (ID) —— — ROEG;NH. 4- ιο 
If, in this reaction, reduction precedes the interaction with ammonia, ammonolysis 
is unquestionably involved: 

RCHO + 2 (11) ———> RCEHLOH 
RCHLOH + NH; —-—> RCH:ND, + H,0 
but an alternative mechanism: 
RCHO - NIT; ——— RCH(OH)NH, 

RCH(OH)NH, 4- 2 (H) ———5À RCH;NII, 4- ΠΙΟ 
involves ammonolysis only if that term may include addition of ammonia. The 
second difficulty is that reactions which are obviously analogous may involve 
double decomposition or addition depending merely on whether or not the reactant 
has a cyelie strueture: 

(CIT4CO)O 4- 2 NH; — *» CHIGCONES 4- CESCOONTI, 
Ct L(COLO -+ 2 NI; ———9 NH;COOSH,COONH, 





Cleavage of the C—O bond to form an amide is certainly ammonolysis in both in- 
stances; the concomitant addition of ammonia to the carboxyl hydrogen is, of 
course, ammonation. The reverse of both processes, ammonolysis and ammonation, 
involves elimination of ammonia and is known as deammonation (11). 


B. AMMONOLYSIS VIERSUS HYDROLYSIS 


The relationship between ammonolysis and hydrolysis is one of fundamental 
importance in industrial ammonolytie technique where aqua ammonia is a con- 
venient reagent and the scope of its use is defined by the factors governing com- 
petition between these two reactions, Under equilibrium conditions, the relative: 
completion of the parallel reactions: 

AR -- NH; ———+ AH + RNI (1) 
AR + H.O ———> AIL + ROH (2) 
is determined by the equilibrium: 
RNH, + ILO == ROH + NI (3) 
whose constant, K, may be expressed as: 
R = (NIRO /(ILO)(RNH,2) 9 Efe kshs 
where 
fy = [EL'](OH-]/[M0], — ds 
Ks 


[ΠΡ[ΝΙΒΓ]/ΝΗ͂ῃ, ks = [R+][OM-]/[ROH], 
[R+ [NH;]/ RNH:] 


ll 


l 


When both ROH and RNII: are at least moderately strong electrolytes, the 
difference between ks and ka is relatively small, and the value of K is largely deter- 
mined by that of the ratio kı/ka or, neglecting minor variations due to the nature of 
the medium, to the ratio ol the autionization constants of water and ammonia. 
The best value for the autionization constant of liquid ammonia is 1.0 X 10-53 αἱ 
—50?C. (9). Combiniug this with the well-known value of about 10715 for water 
at 25°C). (neglecting the minor effect of the temperature difference) gives the 
approximate order of magnitude of kj/ks as 10%. Accordingly, ionized amides are 
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rapidly and completely hydrolyzed and ammonolyses leading to ionizable amides 
cannot be successfully carried out with aqua ammonia. 

For most organic compounds, the ionization constants ἴα and ka are vanishingly 
small, but may differ widely so that the autionization coustants of water and ammonia 
are no longer the controlling factors. Some information about the equilibrium in such 
eases may be obtained by estimating the free energy of hydrolysis of primary amines 
to primary alcohols, using the data of Parks and Huffman (20) on free energies of 
formation in the liquid state at 25°C.—A/’? in the following summation: 


— AF? (RNH,) = —6,000 — AF? (RH) 
— AF? (HO)  — 458,560 
AF? (ROH) — —34,000 + AR? (RIM) 
AF° (NH) = —2,620 


Similarly, values for the free energy of hydrolysis of other primary amines are found 
to be +10,940 to secondary alcohols and +6,940 to tertiary alcohols or phenols. As 
these correspond to the log K values: —10.2, ~8.5, and —5.1, respectively, the 
equilibrium conditions in all of these reactions actually lavor strongly the forma- 
tion of amines and water [rom ammonia and the hydroxyl compounds at 25°C. 
Increased temperatures do uot materially alter this situation. Prom available 
thermochemical data, the total energy change, A Z7?, for equation (3) at 20°C, may 
be calculated to be +1,540 cal. and +7,240 cal. when Ris methyl or phenyl, respec- 
tively. Neglecting slight variations in A Z? with the temperature, use of the rela- 
tion In K = const. — (A H ^/ RT), permits deduction of the following equations: 


log K R = CH,) = —9.1 — (335/T) 
log K (R = GH) = 0.2 — (1578/T) 


which must be regarded only as rough approximations. However, they suffice to 
show that for the methyl radieal, the equilibrium is very unfavorable to hydrolysis at 
all temperatures, and for the phenyl radical, hydrolysis becomes appreciable only at 
elevated temperatures and is never the predominant reaction. It is this situation 
which permits the extensive industrial use of aqua ammonia as an ammonolytic 
reagent and makes possible the valuable syntheses of amines hy direet ammonolysis 
of alcohols and phenols. 


>» AMMONOLYTIC REACTION TYPES 


The wide varicty of substances susceptible of ammonolysis is impressive (9,18). 
Among inorganic compounds, alkali metal hydrides and monoxides, halides of the 
less clectropositive metals and of nonmetals, and oxides of nonmetallic elements 
may be ammonolyzed. In organic compounds, the following atoms or groups have 
been replaced by ammonolysis: halogen (in alkyl and aryl halides as well as acid 
halides and halogen-substituted acids), hydroxyl (in both alcohols and phenols), 
oxygen (in aldehydes, ketones, and even certain acids and their derivatives), the 
sulfonic acid group, and certain labile nitro groups. Animonolytic cleavage occurs 
with acid anhydrides, esters, Schiff bases, and many organometallic compounds, and 
takes the form of ammonolytic addition to certain reactive double bonds or cyclic 
structures, as in acrylonitrile, lactones, and olefin oxides, 
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Primary and secondary amines may play a role similar to that of ammonia in 
ammonolysis. Thus even the simple ammonolysis of an alkyl halide to a primary 
amine may be followed by reaction of the halide with this amine (aminolysis) to 
form secondary and tertiary amines. In fact, all compounds containing the N—H 
group are capable of some reactions more or less analogous to ammonolysis. These 
can result in very complex products wheu repetitive condensutious are involved, 
as amine-aldeliyde reactions (24), or when condensation with other reactive molecules 
occurs, as in the Mannich reaction (4) between ummonia or amines, formaldehyde, 
and a third substance containing reactive hydrogen. However, only reactions 
involving aummonia will be considered in detail here. See also Amino resins. 

The case of replacement of a given atom or radical by an amino group through 
amimonolysis is greatly dependent on structural influences. Acyl halides are 
readily amnionolyzed at low temperatures, alkyl halides react at moderately elevated 
temperatures, whereas chlorobenzene requires high temperatures and pressures and 
suitable catalysts. Alcoholic hydroxyl groups are replaced with anhydrous am- 
monia in the vapor phase nt 380-400?C. over dehydrating catalysts, whereas f- 
naphthol is ainmonolyzed at 150° by homogeneous catalysis in aqueous solution. 
In certain reactions catalytic influences are very pronounced, in some actually 
essential to industrial success, and in others, unnecessary and even ineffective. 
Catalysts of ammonolysis are relatively specific and are best considered in connec- 
tion with individual processes or reaction types. 

The industrial importance of an ammonolytic reaction is determined by (a) 
the usefulness of the product, (b) the cheapness and availability of the raw materials, 
(c) the yield whieh may be obtained, and (d) the facility with which the reaction 
may be earried out. Factors ¢ and d in turn largely determine the methods of 
industrial ammonolysis, which fall into three principal classes:  amanonolyszs with 
aqua ammonia, vapor-phase ammonoalysis at low or moderate pressures, and ammon- 
olysis with anhydrous ummonia in the liquid or highly compressed gaseous state. 
Certain processes which lead to the products of ammonolysis without directly in- 
volving ammonia comprise a fourth class, indirect ammonolysis, 


I. Ammonolysis with Aqua Ammonia 


The majority of industrial ammonolyses are carried out with aqua ammonia (13) 
because of the greater convenience in handling, ease and cheapness of the ammonia 
recovery in this form, and the fact that the liquid phase may be employed at elevated 
temperatures with correspondingly lower pressures than would be required for 
anhydrous liquid ammonia. The equilibrium relationships which make this pro- 
cedure feasible with many organie compounds have already been discussed. Natu- 
rally, uot all ammonolyses are carried out under equilibrium conditions, and the 
relative rates of ammonolysis and of hydrolysis are also critical factors. Although 
very little fundamental kinetic data are available concerning these reactions, prac- 
tical experience indicates that bydroxyl-ion concentration is one of the principal in- 
fluences capable of interfering with the use of aqua ammonia by promoting hydroly- 
sis. When basic materials are added to the reaction mixtures, increased propor- 
tions of hydroxyl by-products are obtained in the ammonolysis of organie halides. 
In fact, the presence of hydroxyl ions from the dissociation of ammonium hydroxide 
is responsible for the formation of by-product hydroxyl compounds in some in- 
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stances. In this connection, it is of interest that colorimetric studies show that, 
although some aminonium hydroxide formation persists above the critical tempera- 
ture of ammonia, the pH of 28% aqua ammonia falls with rising temperature from 
11.8 at 25° to 8.2 at 175°C. under a pressure of about 500 p.s.i. From studies on 
the vapor pressures and the surface tension of aqua ammonia it has been concluded 
(18) that this system deviates but slightly from what is to he expected of a perfect 
mixture. "Thus, when the equilibrium in equation (3) is very unfavorable to 
hydrolysis, ammonolysis with aqua ammonia is similar to ammonolysis with am- 
monia dissolved in a comparatively inert solvent. 

1. Equipment. Ammonolysis of organic compounds with aqua aminonia is 
generally performed at elevated temperatures and pressures, requiring sutoclaves 
or tubular systems (see Pressure technique). Direct-fired autoclaves are used in a 
limited number of operations to utilize the convection currents for agitating the 
reaction mass, but recent practice generally favors jacketed vessels or tubes, whieh 
provide safer, more accurate, and automatic control of the reaction, La tabular 
systems used for continuous operations the How of material may provide sufficient 
agitation, but in batch processes jaeketed vessels nist. be equipped with stirrers. 
Horizontal autoclaves are useful in the ammonolysis of compounds difficult: to wet 
out, as they furnish the necessary freeboard (vapor space to absorb pressure varia- 
tions) with à minimum distance between charge level and the top of the vessel. 
Asbestos and lead gaskets are satisfactory for sealing flanged connections, the metal 
being commonly used for joints not opened frequently. Tin and nickel sheets make 
satisfactory frangible safety disks for autoclaves containing ammonia, especially 
when the face next to the reaction vapors is protected with a thin sheet of asbestos. 
Steel is ordinarily suitable for ammonolysis vessels, but stainless steel is sometimes 
used to minimize corrosion under especially severe conditions, or to reduce contami- 
nation of the product. The formation of ammonium halides as by-products of the 
ammonolysis of halogen compounds greatly increases the corrosive action of the 
reaction mixture, Corrosion has been diminished by addition of inhibitors (40,09) 
and by reducing the pH of the charge with copper-ammonium hydroxides (33) or 
buffer salts such as chlorates (14). Recent Russian studies suggest boiler-plate 
and high-carbon, as well as chromium and chromium-nickel, steels for ammonolytie 
reactors (21,26). 

2. Ammonia Recovery. Since a considerable excess of ammonia is used in 
most ammonolyses, the cconomic success of such processes requires that the unused 
ammonia be recovered efficiently and delivered back to the reaction system at a con- 
stant and optimum strength. Tor recovery of aqua ammonia, the vapors from the 
reaction vessel are first led through submerged coils or double-pipe condensers cooled 
to 60-80?C., thus giving the weak liquor, which ts collected in « preliminary separator 
tank, while the free ammonia continues to a series of vertical absorbers. These con- 
tain aqueous ammonia of varying concentrations and the ammonia gas is led through 
suitable pipes to the base of the absorbers, where it is distributed through perforated 
fittings. Internal cooling coils or an external spray system is provided to remove the 
heat of solution. The ammonia is led first to the absorber containing the strongest 
solution, and the unabsorbed gas is passed on into absorbers containing liquors of 
progressively decreasing strength. With a sufficient number of absorbers practically 
no ammonia gas escapes from the exhaust at tle final scrubber, and recovery efficiency 
is at least 90%. A pump conveys the strong solution, which should be suitable for re- 
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use, to a storage tank where it is cooled before delivery to the reaction vessel. The 
limiting concentration in the first absorber is maintained at the desired value by 
controlling the temperature and the ammonia pressure. Absorbers may be arranged 
in a cascade system permitting continuous overflow of liquor to absorbers con- 
taining solutions of successively higher concentrations. 

In some reactions, leading to high yields of solid product which crystallizes 
readily on cooling the reaction mixture, the unreacted ammonia liquor may merely 
be filtered froin the product and re-used after making it up to the appropriate 
strength with additional ammonia gas. 


A. ALIPHATIC HALOGHN COMPOUNDS 


The halogen in many aliphatic halides is easily replaced by the amino group. 
Alkyl chlorides are readily ammonolyzed by treatment with aqueous ammonia 
under pressure, yielding mixtures of primary, secondary, and tertiary amines that 
may be separated by taking advantage of slight differences in their physical con- 
stants. However, the lower alkyl monoamines are usually manufactured in a vapor- 
phase process from the corresponding alcohols. See also Alkylation. 


1. Ethylenediamine from Ethylene Dihalides.  Eithylenediamine is manufuctured by treatment 
of the dichloride with aqueous ammonia under pressure at 100-180°C. Because of {119 bifunctional 
character of bhoth the dichloride and diamine, possible by-products include uot only simple secondary 
and tertiary amines, but also higher polyamines such as triethylenetetramine, NHj.»CH.CH.NHCH)- 
CH.NHCH.CH.NA,, resulting from polycondensation reactions, Polyamine formation is favored 
by the use of dilute aqueous ammonia. Thus, 200 grams of ethylene dichloride reacts completely 
with a mixture of 340 grams ammonia liquor and 1600 granis water in 1 hour at 150-160°C., yielding 
40% ethylenediamine, 30% diethylenetriamine, 20% triethylenetetramine, and 10% higher poly- 
amines. Accordingly, concentrated ammonia in ratios up to 15: 1 is employed to secure a prepondcr- 
ance of primary umine, — Curmo (45) deseribes à process using a horizontal pressure reactor equipped 
with a stirrer. The reaction product, consisting of an aqueous solution of ammonia, ammonium 
chloride, ethylenediamine hydrochloride, etc., overflows into a bubble-cap column where most of the 
ammonia is expelled und returned to the reactor, thus economizing on total ammonia requirements. 
Sodium hydroxide may be fed continuausly to the column to liberate and permit recovery of the 
ammonia, combined as ammonium chloride. The ethylenediamine or its hydrochloride is removed 
as an aqueous solution from the base of the column. By feeding te the reactor additional ethylene 
dichloride and sullicient, ammonia liquor to replace that removed from the system as product, by- 
produet, or losses, the process is made continuous. No catalyst is necessary for this reaction, but 
Lhe rate is acecleruted by the presence af cuprous chloride. Ethylenediamine is recovered from the 
products by distillation, and a residue containing higher polyamines is left. Hutchinson, Collett, and 
Lazzell (15) have shown that further quantities of ethylenediamine may be obtained by pyrolysis of 
such residues, As much as 24% ethylenediamine was recovered by pyrolysis of an anhydrous 
“amine residue’? comprising 10% triethylenctotramine, 25% tetraethylenepentamine, 30% penta- 
ethylonchexamine, and 35% unidentified higher amines. 

Nafash (71,72) has patented a eyelie process for the preparation of ethylenediamine and other 
primary alkylamines from the corresponding bromine derivatives, utilizing the following reactions: 


C,H4Br, 4- 2NH3 ———— Ha (N He). 2HABr 
CSITACN H)4,27]EDrv. -+ 2 NaOH ——~—> CoTL(N Aa)e + 2 NaBr + 2190 
2 NaBr(aq.) + Ch ——- 2 NaCl + Bry 
NaBr(aq.) + Cle ———> NaCi + BrCl 
GIL + Br, ————> ΟΕ 
CoH, -+ BrCl —-——> C:H.BrCl 
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The economie handicap involved in the uso of the more expensive bromine derivative is said to be off- 
set by: (a) the practicability of using weaker «ammonia liquor; (b) the feasibility of operating at 
lower temperatures and pressures; and (c) the production of comparatively pure primary amines as 
the principal product. Almost quantitative recovery and re-utilivation of the hromine would be 
essential as relatively low percentage losses of bromine would render the costs prohibitive. 

2. Glycine from Chloroacetic Acid—Use of Ammonium Carbonate. Ammonolysis of chlora- 
acetic acid yields mixtures of glycine, NH,CH.COOH, diglycine, NH(CH.COOH):, and triglycine, 
N(CH.COOH)s. The formation of these secondary and tertiary amines occurs so veadily that the 
molar ratio of ammonia to chloroncetic acid must reach 60:1 to reduce the quantity of these hy- 
products to 30% in the preparation of glycine. Cheronis (6) has found that the use of ammonium 
carbonate (or aqua ammonia plus carbon dioxide) is very favorable to glycine formation, four moles 
of the carbonate being as effective as sixty moles of ammonia in suppressing the formation of second- 
ary and tertiary amines. Cheronis ascribes this result in part to the reduction in pH and in part 
to blocking of the NH: group by formation of an unstable amino acid carbamaic, The process is 
considered to involve the following equilibria: 


+NH,CH2COO- + H* 
*NILCEH,COO- + OH- 

: NHCELCOO- + CICHSCOQ- 
*"NHs(CEH;COO-), 





*NEHSCISCOOH 
:NIBCIERCOO- -- ILO 
"NIB(CGHSCOO-). 4- CI7 
:NII(CILCOO-), + It 























Diglycine (and also triglycine) formation proceeds through intermediate addition to the lane electron 
pair of the nitrogen in the anion. Reduced pH, favoring formation of the awittcrion at the expense of 
the anion, tends to stabilize the glycine against further reaction. Additional stabilization is attributed 
to carbamate formation, principally according to the equation: 


:NH.CH.COO7 + NH,COO- ———> NE; + CH,(COO7)(NHCOO~) 
and to a lesser extent as follows: 

ONHSCEECOO- 4 HCO;  ———— ΠΟ CH.(COO~)(NHCOO7) 

:NILCILCOO- OO; ——> = Itt + CIL(COO-)(NIICOO-) 


Ammonium carbonate (80% NH;) is dissolved in aqua ammonia (4.4 ky. in 2 liters eoned. 
ammonia liquor and 1 liter of water per kg. of 05% acid ta he aumonolyzed) and heated to 58°C. 
An aqueous solution of chloroacetic aeid (1 kg. to 800 ml. water) is slowly added with stirring. After 
4 hours of heating at 58-60°C. the temperature is raised to 80°, ammonia and carbon dioxide being 
distilled off as the temperature continues to rise to 112°; then decolorizing carhon (20 grams per kg. 
acid) is added; the mixture is boiled and is filtered hot. "Phe filtrate is cooled to 70°, diluted with 
methanol (7 liters per kg. acid), and allowed to stand 12-24 hours; then the crystallized glycine is 
removed by filtration. The yield is 66-69%. 

The ammonolysis of chloro acids other than chloroacetie acid is not practical even with t sixty 
molar ammonia ratio, but aqua ammonia reacts readily with most bromo acids. Branched chains 
decrease reactivity. Ammonolysis rates are inerensed by elevated temperatures, but the proportion 
of secondary and tertiary amines and also of hydroxy compounds is also increased. Beta halogen 
acids yield mainly unsaturated acids rather than amino acids on treatment with ammonia. 

3. Alkanolamines from Alkylene Oxides and Chlorohydrins, Alkylenc oxides are readily 
ammonolyzed to alkanolamines (65). The reactions are strongly exothermic, and an operating 
temperature of 50-G0°C. with 28% aqueous ammonia is adequate. Ethylene oxide yields ethanol- 
amine, CH:OHCH:NHs, diethanolamine, (CHOCH): NTI, and triethanolamine, (CH OHOH) N. 
Propvlene oxide gives mono-, di-, and triisopropanolamines: ΟΠΙΟΠΟΠΟΠΙΝΗ., (CH ,CH- 
OHCH,)2NH, and (CH;sCHOHCH,),N. [sokutvlene oxide similarly gives tert-b utanolamines; 
addition of ammonia to the oxide linkage proceeds in such a manner as to leave the oxygen linked 
to the more highly branched carbon. Wickert (86) has studied the effect of ammcnia ratio on the 
products of ammonolysis of propylene oxide. With increase of the molar ratio of oxide to ammonia 
from 0.5 to 2.5, the mole per cent of tertiary amine rises from about 20 to nearly 100. The mole per 
cent of secondary amine rises at first from about 45 to a maximum of 50 (at the molar ratio 0.78), then 
falls to zero, The mole per cent of primary amine drops continuously and rapidly from about 30, 
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and becomes negligible at molar ratios above 1.75. The use of sufficient excess of aqua ammonia to 
give more than 20 moles of ammonia and 10 moles of water per mole of oxide is recommended for 
producing monoalkan']amines (65). 

Glycerol dichlorolivdrin may be directly ammonolyzed to 1,3-diaminc-2-propancl by a large 
excess of conrentrated (50-60%) aqueous amm«nia together with ammonium chloride (66). Meth- 
anol or ethanol is used to increase the solubility of the chlorohydrin, which is preferably introduced 
gradually into the ammoniacal solution, When glycerol dichlorohydrin is added to aqueous ammonia 
containing two molar proportions of sodium hydroxide, the same product results through intermediate 
formation of epihydrins (39,55): 


CTC! CH CHNH, CHANT, CILNH, 

buon S, o DN. (gg M, by Nts buon 

Gua ou CHCl σ΄ CH;NH; 
ΟΠ.ΟῚ Xm, 


A large excess of ammonia is required to suppress interaction of the amines and epihvdrins and thus 
avoid the formation of undesirable secondary and tertiary amines as well as complex polymers. 


B. AROMATIC HALOGEN COMPOUNDS 


Halogen bound directly to an aromatie nucleus is generally much more difficult 
to replace than aliphatically bound halogen, and requires special conditions for 
successful ammonolysis. However, certain substituents, particularly nitro and 
carboxyl groups, labilize tle aromatic halogen and permit relatively easy ammon- 
olysis. The influence of the nitro groups may be due in part to facilitation of the 
formation of addition complexes. Thus Garner and Gillbe (12) have shown that 
diuitrobenzene forms addition complexes with ammonia which exhibit electrolytic 
properties. 

1, p-Nitroaniline from p-Nitrochlorobenzene. p-Nitroaniline ig manufactured by heating p- 
nitrochlorobenzene with aqua ammonia at 170°C. under pressure (13). In the batch process, 500-gal. 
jacketed autoclaves, provided with efficient stirrers, have been used. Molten p-nitrachlorahenzene 
(500 Ib.) is added to 2600 Ib, of 26°Bé, ammonia and heated gradually; the temperature is increased 
over a period of 3 hours to 170?C., corresponding to a pressure of 500-550 p.s.i., and these conditions 
are maintained for 16 hours to complete the reaction. Some of the ammonia gas is then vented to an 
absorption system; thus the internal pressure 1s dropped to 200 Ib., which is suitable for use in trans- 
ferring the autoclave charge to a 1500-gal, steel ammonia still capable of handling two to three auto- 
clave charges, Excess ummonia is distilled off ta the absorbers, the steam pressure brought to 60 Ib., 
and the charge passed through a pressure filter and led to wooden erygtallizing tubs where the p- 
nitroaniline separates us a finely divided, canury-vellow, crystalline mass. After cooling to 30?C., 
the solid product is removed by centrifuging and averages 99% purity. The mother liquor leaving 
the centrifuge passes through an elaborate system of catch boxes where it is cooled to room tempera 
ture, and additional p-nitroaniline settles out. This is recovered periodically by siphoning the water 
from the cateh boxes. F-yen traces of the by-product secondary amine, 4,4" -dinitrodiphenylamine; are 
undesirable, as they remain insoluble when the primary numine is diazotized in subsequent processes 
for the preparation of lakes or dyes. This hy-product may be rendered soluble on subsequent 
dinzotization by adding small quantities of mild reducing agents to the crystallizing tubs, or it may be 
removed from weakly ammoniacal solutions by recrystallization of the p-nitroanilme under pressure, 
since the dinitro compound has an enolized form, which is then retained in the mother liquor. 

Continuous processes can also be employed for ammonolysis of p-nitrochlorobenzene. The con- 
ventional tubular-coil system requires a hydraulic accumulator to regulate the internal pressure, and 
does nob readily permit examination of the walls. To avoid these objections, Saunders (50) has de- 
vised a vertical reaction cylinder. Preheated aqueous ammcnia is forced through an inlet pipe to the 
bottom of the cylinder, then passes upward through an annular spaec meeting a countereurrent flow 
of heavier, liquefied p-nitrochlorolbenzene introduced through a distributor plate somewhat above the 
cylinder bottom. "The reaction mixture rises in. the annular space and overflows through & central 
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outlet pipe leading to a still where excess ammonia is stripped off before the product. is crystallized, 
The space above the overflow pipe provides a vapor phase to absorb (luctuations in internal pressure, 
From 150 to 200 parta of tlie liquid nitrochlorohenzene, preheated to 225*C., are delivered per 900 
parts by weight of 26? Bé. ummonia liquor. The lower purt of the eylinder, where the major part of 
the reaction occurs, ig provided with packing and is coustructed of, or lined with, stainless steel to 
minimize corrosion. The operating pressure ig about 1200 p.s.. 

2, Aniline from Chlorobenzene—Copper Catalysts. Although it has been known since 1893 
that aniline eould be produced by interaction of bromoahenzene with excess of ammonia under pres- 
aure, and similar ammonolysis of chlorobenzene was patented in 1907, the process did not achieve 
commercial success until about 30-40 years later. Not only is chlorine directly attached to an other- 
wise unsubstituted aromatic nucleus difficult to ammonolyze, but the process proves in practice to 
involve complex chemical reactions and was forced to await improvements in chemical engineering 
technique relating to the treatment of the reaction mass, as well as improvements in the design, con- 
struction, and control of chemical engineering equipment for operations involving high pressures. 

A catalyst is required, and euprous oxide is generally employed. Cuprous compounds are five 
times as effective as cupric compounds and are rendered more active hy the use of a copper promoter, 
although metallic copper alone is inactive (30). Glucose assists in maintaining the copper ious in the 
euprous form (49). Cuprous chloride is an effective catalyst, but other hulogen salts, including 
ammonium chloride, inhihit the renction (see Catalysis). 

AÀmmonolysis proceeds slowly at 160°C. and very rapidly at 210°, Higher temperatures favor 
phenol formation (which actually occurs to a somewhat greater extent than indicated by the ap- 
proximite thermodynamic equation for equilibrium) and decomposition, thus producing pressures so 
high that gastight operations are rendered difficult. A tempornture range ef 200 to 210° with à 0:1 
ammonia ratio, using 28% aqueous ammonia, involves pressures of 860-950 p.s.i, and gives satis- 
factory results. Only two moles of ammonia are required theoretically per mole of chlorobenzene, 
hut increased ammonia ratios perinit increased aniline yiclds, increase the aniline~phenol ratio, and 
decrease slightly the yield of diphenylainine (27). These characteristics are especially marked in 
proceeding fram three to five or six molar ratios of ammonia. Law ammonia ratios not only lead to 
pronounced diminution in the ammonia concentration toward the end of the reaction, hut also (due 
to the correspondingly smaller proportion of water) to higher ammonium chloride concentrations, 
which markedly retard the reaction. Increases in the ammonia ratio above six have only a relatively 
small effect on the conversion and aniline yield and, accordingly, would diminish the productivity of 
the autoclaves. The effect, of an increased ammonia ratio can be obtained by adding caleium hy- 
droxide to the reaction mixture to regenerate ammonia from the by-produet ammonium ehloride (40). 
In plant practice, an ammonia ratio of only 4 to 6 is used, since it ig necessary Lo exercise Lhe strictest 
economy in order to compete successfully with the older conventional nitration und reduction process, 
For this reason also, it is economically advantageous to carry oub this ammonolysis in conjunction 
with the large-scale produetion of chlorine and chlorinated products so that cheap chlorobenzene is 
available for aniline manufacture. 

The reaction is performed in forged steel autoclaves, jacketed for use with high-pressure steam 
or a fluid heat-transfer agent. Thorough and turbulent mixing is essential. To reduce hazards it 
is customary to separate the high-pressure autoclave work from subsequent low-pressure operations, 
and to provide expansive honsing with ample headroom and adequate ventilation to permit removal of 
any toxic aniline vapours which might eseape. The vapors from the autoclave are first expanded and 
then cooled below 100°C. im a suitable pipe eondenser or dephlegmating column. Moat of the 
ammonia continues to an absorption system in which the gas is recovered. After releasing execssive 
pressure, the autoclave charge, comprising aqueous aniline, ammonia, chlorobenzene, phenol, di- 
phenylamine, copper, and ammonium compounds, is led to a still and treated with a calculated 
quantity of alkali (34,36,42,48) to liberate ammonia from ammonium chloride, to form alkali phenol- 
ate with the phenol, and to precipitate the copper as a sludge after removal of the free ammonia. 
Ammonia, chlorobenzene, aniline, and diphenylamine are removed by steam distillation, and the 
phenol is removed separately by distillation after filtration of the residue from the copper sludge and 
acidification. 

An alternate procedure is based on the separation of the reaction product into two layers upon 
cooling. The lower layer is rich in aniline, and about 90% of the total yield can be obtained as 
technically pure 97-99% aniline, {reo from phenol and diphenylamine, by distillation after the addi- 
tion of alkali, Additional aniline, phenol, and diphenylamine are recovered from the residue of this 
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distillation and from the original supernatant layer essentially as described in the preceding para- 
graph. Considerably less water need be evaporated since about 90% of the aniline is not steam- 
distilled. The recovered copper oxide catalyst may be washed and re-used with some additional 
fresh copper in subsequent operations (33,35). In fact, the recovered copper compounds are said to 
be superior catalysts. Separation and reeycling of by-product diphenylamine improves the conver- 
sion to aniline (88,52). 

Copper catalysts have also heen found effective in the ammonolysis of other halogen compounds. 
The relative effectiveness of cuprous and cuprie salts found with chlorohenzene does not. hold generally 
(18); cupric nitrate serves as well as cuprous salts in the ammonolysis of chlorodiphenyl, chloro- 
naphthalene, und chloroanthraquinones. The corresponding amines are more resistant than aniline 
to oxidation by cuprie nitrate, so it may be a reduction in the copper catalyst concentration by inter- 
action with readily oxidizable amines that renders cupric compounds unsuitable as catalysts for the 
preparation of aniline. In the reactions in which copper catalysts are affective, it is believed that 
amminecopper eatjons serve as cyelic catalysts, lorming intermediate ternary addition compounds 
with the organic halide, The nse of copper and its salts has Deon found to be actually detrimental in 
the ainmonolysis of nitrochlorohenzenes. 

3. Chloroanilines from Bromochlorobenzenes. Aromatic bromine is more reudily ammono- 
lyzed than aromatic chlorine, and the use of bromine compounds frequently leads to the formation of 
primary amines of higher purity under milder operating conditions. In spite of this, economie eon- 
siderations ordinarily demand the use of chlorine compounds, but in certain cases unique results can 
he attained by utilizing this difference in reactivity. Thus treatment of 19.2 parts by weight of p- 
ehlorobromobenzene with 45 parts of aqueous 33% monomethylamine in the presence of 2 parta of 
cuprous chloride for 5 hours at 110°C. yields p-chloro-N-methylaniline. With aqueous ammonia, 
p-chloroaniline muy be prepared similarly (120° for 10 hours), ummonolysis being substantially con- 
fined to replacement of the bromine (54). 

4, 2-Aminoanthraquinone from 2-Chloroanthraquinone—Use of Oxidants. By virtue of the 
influence of the substituent groups, ammonolysis of 2-ehloroanthraquiuone proceeds readily to com- 
pletion under pressure in 24 hours at 200°C. and in 15 hours at 210° (13). A catalyst is not 
essential, but a copper catalyst ig sometimes used. The reaction must he carried out in the presence 
of oxidizing agents to «void reduction of the quinones to undesirable by-products. The use of 
potassium chlorate and ammonium nitrate permits direct production of 2-aminoanthraquinone of 
97.5 to 98.5% purity by filtration from the reaction mixture after addition of alkali and expulsion of 
ammonia with steam. Thorough washing with dilute aqueous ammonia or sodium hydroxide solution 
is the only treatment required. — Ag the ehloroquinone is difficult to wet and is ammonolyzed only by 
the liquid phase,.it is necessary to use 2 glceve-and-turbine agitator in vertical autoclaves to drag the 
chloroquinone into the ammonia liquor. Horizontal autoclaves fitted with agitators hearing a scries 
of splash arms are preferred, as these provide the necessary freeboard with a minimum of headroom. 


C. SULFONIC ACIDS AND OXYGEN COMPOUNDS 


1. 2-Aminoanthraquinone from 2-Anthraquinone-sulfonie Acid. 2-Aminoanthraquinone can 
also be obtained by ammonolysis of sodium 2-anthraquinone sulfonate (silver salt) under dis- 
tinetly milder conditions, the solubility of the sulfonic acid in ammonia liquor being particularly 
advantageous. Oxidants are also required, hut no catalyst is necessary; operating temperatures of 
170-180°C., obtainable with steam-jacketed equipment, are satisfactory and yields of 90-94% in 99% 
purity are feasible, Due to thege factors, the silver salt process is firmly entrenched, although the 
cost of the sulfonic acid exceeds that of the chloride. Methods of reducing this differential, by 
cheaper syntheses of the sulfonate than direct sulfonation of anthraquinone, have heen devised (13). 

2. Leuco 1,4-Diaminoanthraquinone from Quinizarin—Use of Reductants. When leuco bases 
are desired, ammonolysia may sometimes he carried out under reducing conditions (44). 


O0 OR OH NH: 
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An autoclavo charge of 100 parts quinizarin, 108 parts sodium hydrosulfite (85%) and 450 parts 
aqueous ammonia (sp.gr., 0.92 1o 0.88), is heated to 70-90^C. for 6 hours, then cooled, filtered, and 
washed with warm water. The resulting green or brown crystals are practically pure leuco 1,4- 
diaminoanthraquinone. This reaction involves ammonolysis of phenolic hydroxyl groups. 

3. Naphithylamines from Naphthols—Sulfüte Catalysis. The moat general method for the 
replacement of naphthol hydroxyls by amino groups is the use of ammoniacal solutions containing 
salts of sulfureus acid, and is known as the Bucherer reaction (8,18). This procedure is also effective 
with resorcinol, but not with phenolic compounds generally. When @-nuphthol is treated with an 
excess of aqueous ammonia at temperatures ag high as 200°C., the yield of 6-naphthylamine is only 
75%. In the presence of ammonium sulfite, an addition product. is formed, which is both more 
soluble and more readily ammonolyzed, 80 that the conversion to amine ean be carried out much more 
satisfactorily, at lower temperatures, and at greatly reduced pressures. The reaction apparently in- 
volves addition of the bisulfite to the keto form of the naphthol, the subsequent ammonolysis being 
analogous to that of bisulfite compounds of formaldehyde: 
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The ammonolysis is carried out in jacketed, agitated nutoclavos, as close and uniform tempera- 
ture control must be maintained to inhibit formation of dinaphthylamine, which becomes appreciable 
above 150?C., whereas the primary amine formation does not progress readily much below this 
temperature. Efficient stirring ig essential to keep the naphthol in suspension in the ammonia 
liquor. The charge, consisting of molecular quantities of 8-naphthol and ammonium sulfite with 720 
Ib. aqueous ammonia, is heated at 150? for 8 hours. It may then be blown to a still containing alkali 
solution where ammonia is distilled and recovered, The sulfite is removed, as alkali salt in un impure 
state, with the mother liquor on filtration from the 8-nuphthylamine erystals. A more economival 
method i is to cool the autoclave charge under agitation, filter off the fincly granulated mass of naph- 
thylamine, and re-use the mother liquor after clarifying it with » filter-nid and increasing the ammonia 
content. The naphthylamine is freed from naphthol by washing with hot dilute caustic soda, then 
dissolving in 300 lb. of warm 15% hydrochloric acid (sulfate free) and filtering from any remaining 
undissolved g-naphthol. The amine is then recovered from the acid solution, either by neutralizing 
with sodtum carbonate, evaporating to dryness, and distilling under 25mm. pressure, or by adding 200 
Ib. sodium sulfate, filtering off the precipitated amine sulfate, washing with water, und treating the 
powdered sulfate with strong hot sodium carbonate solution. The final product is cooled, filtered, 
and washed free of alkali, then dried in an air dryer. 

Sodium bisulfite may be substituted for the more costly ammonium salt without decreasing the 
yield. According to Bezzubetz (3), about 0.6 mole is required per mole of naphthol. Sulfites also 
asssist in the ammonolysis of hydroxy] in certain aliphatic compounds. 


Thus taurine and its deriva- 
tives have been prepared from sodium hydroxyethanesulfonate (53,57): 


NE: 
HOCH,CH.S80,Na, --- ΝΠ.ΟΠΙΟΉΙΒΟΙΝα 


In this case replacement of the hydroxyl group occurs in preference to that of the sulfonic group. 

4. Other Catalysts. In addition to the sulfite, other catalysts, such ag sodium carbonate and 
caustic potash, have been found effective in the taurine preparation (57), For the ammonolysis of 2- 
hydroxynaphthalene-3-carboxylic acid, Fierz and Tobler (10,31) used zine chloride. The use of the 
zine salt of the hydroxynaphthoic acid in the presence of ammonium chloride was advocated by 
Schweitzer (41), fused zine chloride ammoniate by Henle (47), and ferrous salts capable of forming a 
chelate compound by Holtz (82). The Fierz-Tobler process gives yields above 80% in 24 hours at 
220-230°C. The effectiveness of these salts is probably duein part to their ability to form addition 
campounds with ammonia and to participate in chelate complexes (13): 
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Ferric chloride, aluminum hydroxide, and ferrous hydroxide assist the ammonolysis of phenol to 
aniline at elevated temperatures under pressure (85). 

5. Hexamethylenctetramine from Formaldehyde. Lower aldehydes react rapidly with am- 
monia; no catalysts are needed, low temperatures suffice and careful control to avoid excessive 
temperatures is even typical of the hexamethylenctetramiue process (17). Ammonia is absorbed at 
the rate of 6 kg. per hour at à maximum temperature of 22°C, by a charge of 450 kg. aqueous formal- 
dehyde in a 600-liter agitated and refrigerated steel reactor. A slight excess of ammonia is intro- 
duced to prevent side reactions which occur helow pH 8. The reaction is complete after 9 hours and 
the product should be alkaline to phenolplithalein. After addition of activated charcoal, the liquid is 
filtered through canvas in a filter press, then evaporated under 20-30 mm. pressure ni a maximum 
temperature of 30°C. Stubilization is effected by adding 2595 aqueous ammonia at the rute of 7 ml. 
per minute during the concentration, which is completed in 12-14 hours; this leaves a mass comprising 
75-80% solids, which is centrifuged, washed with 1 kg. of 25% ammonia, and dried 24 hours at 30°. 
By processing of the mother liquor, the yield may he brought to 96-100%. 


D. IIYDROGENATION AND AMMONOLYSIS 


By a combination of hydrogenation and ammonolysis, aldoses are converted to 
hydroxyamino compounds. Flint and Salzberg (59) charge an autoclave with 10 
parts by weight of commercial glucose, 10 parts of 2195 aqueous ammonia, 1 part of 
a reduced nickel catalyst, and hydrogen to 100 atm. pressure, stir rapidly for 0.5 hour 
without heating to ensure solution of the glucose, then raise the temperature to 
95°C. Hydrogen absorption begins at 63-65? and more hydrogen is introduced 
periodically to maintain the pressure. After 0.5 hour at 90° no reducing sugar 
remains, and, upon venting the autoclave, filtering and concentrating the charge, 
glucamine is obtained as a viscous sirup that may be crystallized from methanol. 
Primary and secondary alkylamines may be used to give a wide variety of alkyl- 
amino monosaccharides (60). The reaction may be considered as reduction fol- 
lowed by ammonolysis (eq. 4) or vice versa (eq. 5): 


5 NH 
ROHO — > ROIO —P* , nomwrr, + ΒΙΟ (4) 


Tt. 
ncHo — . nonomwu, 5L, nomwu + mo (5) 





ΠΙ. Vapor-Phase Ammonolysis 


When reactants and products are sufficiently volatile and resistant to pyrolytic 
decomposition, ammonolysis may be carried out in the vapor phase. This permits 
attainment of elevated reaction temperatures in equipment which need withstand 
only moderate pressures. Ammonia recovery is frequently facilitated by. the 
possibility of condensing out the products and recycling the gas. Vapor-phase 
ammonolysis is readily adapted to continuous operations and may conveniently be 
- combined with other catalytic processes such as hydrogenation and especially de- 
hydrogenation, since the latter requires more elevated temperatures yet moderate 
pressures. The chief disadvantage of vapor-phase operations generally is the rela- 
tively large reaction volume required to handle a given weight of material, but when 
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catalysts are available which produce substantial reaction at high space velocities, 
this difficulty is minimized. The reaction is conducted in tubular reaction chambers 
comprising a number of parallel steel tubes which furnish adequate catalyst volume 
and avoid excessive channeling, These can be direct-fired, but electrical heat or the 
use of metal or fused-salt baths provides better and more uniform temperature con- 
trol. The catalyst is sometimes packed in successive layers with leat exchangers 
between the layers. 


A. ALCOHOLS TO AMINIGS 


Lower alkylamines are almost always manufactured in the vapor phase, over 
dehydrating catalysts, {rom the corresponding alcohols through the reaction dis- 
covered by Sabatier and Mailhe (22). Alumina (40), aluminum silicate (48), 
aluminum phosphate, and diammonium phosphate (70) are the most frequently used 
catalysts. The phosphate catalysts are particularly adaptecl for production of 
monomethylamine. This amine is formed with smaller quantities of each of the di- 
and trimethylamines by passing methanol and ammonia in the ratio 1:5, preheated 
to 350°C., over alumina gel at space velocities of 0.75-1.5 ata catalyst temperate 
of 450°. Conversion of the ammonia is 13.5% to primary, 7.5% to secondary, and 
10.5% to tertiary amine. The secondary and tertiary amines may be recirculated 
with fresh methanol and ammonia to increase the proportion of primary amine. Τὶ 
is difficult and frequently uneconomical and impractical to attempt exclusive produc- 
tion of one of the amines; so it is customary to produce all three and separate them 
(51,67). Recycling of the less desirable amines to increase the yield of desired 
product is generally effective even if secondary or tertiary amine is preferred. 
Higher alkylamines can usually be separated by fractionation, but this is especially 
dificult with the methylamines, which possess similar boiling points (~6.8, 4-7.4, 
and 4-3.5?C.). Dimethylamine can he separated from momo- and trimethylamine 
by treatment with hydrogen chloride (74). When the secondary amine is the pre- 
ferred product, the other two amines may be recycled without separation from each 
other. Under these circumstances only a negligible change oceurs in the percent- 
age of these amines in the catalyst-chamber effluent, practically all of the fresh 
methanol being converted to dimethylumine (51). The vapor-phase ammonolysis 
is usually conducted under atmospheric pressure, but can be carried out under 
pressures in excess of 100 p.sa. and the products ean be directly fractionated 
wider this pressure (75). Even relatively high-molecular fatty alcohols, with 5 
to 18 carbon atoms, can be ammonolyzed in the vapor phase (73). 


B. HALOGEN COMPOUNDS 


Vapor-phase ammonolysis of chlorobenzene at 400°C. over a catalyst prepared 
from a copper salt and the ammonium salt of vanadic, tungstie, or phosphorie acid, 
results in a 10% conversion to aniline per pass (58). When ethylene dichloride is 
injected under pressure into anhydrous ammonia at 150°C., needles of ethylene- 
diamine hydrochloride are obtained, which on hydrolysis with alkali yield the free 
amine (62). 


C, AMMONOLYSIS COMBINED WITH HYDROGENATION OR DEHYDROGENATION 


The conversion of lower aldehydes to amines by combined hydrogenation and 
ammonolysis is carried out as a typical vapor-phase reaction over a nickel hydro- 
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genation catalyst nt 125-150°C. (13). Unsaturated aldehydes are converted to 
saturated amines: 


CH CHCHO 277 ΟΗΙΟΠΙΙΟΠΟΝΗ. 
To avoid resinification before contact with the catalyst, such aldehydes are preferably 
vaporized separately, under a current of hydrogen, then led to the reaction chamber 
where they are mixed with the circulated, preheated mixture of ammonia and 
hydrogen. Intranuclear ketones such as eyclohexanone can be reduced and 
ammonolyzed similarly, or by treating a suspension of the catalyst in the liquid 
ketone with a mixture of gaseous ammonia and hydrogen, At more elevated 
temperatures, 800-400°C., dehydrogenation can be combined with ammonolysis to 
convert benzyl, isobutyl, aud similar primary alcohols directly to nitriles. Catalysts 
comprising reduced silver or copper on activated alumina are most effective (83,84). 
The reaction appears to involve intermediate formation of aldehydes: 
RCH,OH ———> RCHO + Th 
RGHO + NH; -——> RCIL(OH)NHz 
RCH(OH)NTI; ——2o RCH:NH ἠ- ΠΟ 
RCIT; NE ———— RCN + Ha 





since the dehydrogenation of primary amines docs not proceed with sufficiont ease 
to account for the results obtained. 


IV. Ammonolysis with Anhydrous Ammonia — Liquid and Supercritical Phases 


Substantially anhydrous ammonia is generally used in vapor-phase operations, 
but in the liquid phase a marked distinction exists between the use of aqua ammonia 
and anhydrous liquid ammonia. Liquid ammonia is readily and cheaply available 
in tank ear lota; a wide variety of ammonolytic reactions take place in this solvent 
(9), but only a few have as yet found industrial application. This is probably due to 
the fact that ouly a limited number of such reactions proceed readily at low tempera- 
tures. At elevated temperatures, the use of anhydrous liquid ammonia involves 
dealing with substantially higher pressures than are required with aqua ammonia, so 
the latter is preferred at present in industrial operations, except when the anhydrous 
liquid offers unique advantages. Anhydrous ammonja is essential when materials 
sensitive to uudesired hydrolysis are to be ammonolyzed, and anhydrous ammonia 
permits the attainment of the highest ammonia concentrations, which are desirable 
when deainmonation reactions must be suppressed, when primary amine formation 
is to be favored (5), and for the ammonolysis of some hydroxyl compounds. ‘Thus 
cetyl, oleyl, and stearyl alcohols are ammonolyzed over alumina at 380-400 °C. under 
125 atm. pressure (04). Various special effects are also sometimes obtainable, as 
in the ammonolysis of o-dichlorohenzone, which produces o-ehloroaniline with 
anhydrous ammonia in alcohol at 200° with a copper-cuprous chloride catalyst (87), 
whereas the use of aqua ammonia produces o-phenylenediamine. When tempera- 
tures above the critical point, 182°C., are reached, pure anhydrous ammonia is, of 
course, no longer liquid, yet the ammonolytie reactions still take place extensively 
in the liquid phase if the other reagents are fused and are able to dissolve high con- 
centrations of ammonia. It has also been found that when liquid ammonia solu- 
tions are heated above 132° in closed reactors, na radical changes in operating pro- 
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cedure are required even though such temperatures are below the fusion point of the 
solute. Accordingly, such operations may be considered conveniently together 
with those employing liquid ammonia under similar pressures. Patents have been 
obtained on the ammonolysis with liquid ammonia of ehlorosulfonie acid esters to 
amines and sulfamic acid at temperatures as low as —80° (86), of hydroxyeapro- 
nitrile to leucine nitrile at room temperature (87), anc of dliarylthionreas to the 
corresponding guanidines (in the presence of lead oxide) below 25? (89). Organic 
halides have even been converted to amines at —50° using liquid ainmonia solutions 
of metallic amides (23). However, most successful ammonolyses require higher 
temperatures. 

Liquid ammonia can be handled readily in steel autoclaves and the essentials of 
a refrigeration assembly will serve as a recovery system, but the presence of other 
materials may cause corrosion and require special linings for the reaction vessel. 
Ammonium salts are acids in liquid ammonia (see Acid-base systems), and attack 
metals above hydrogen in the electromotive series, but can be used in nickel, monel, 
or glass-lined autoclaves. At very high temperatures, some reaction mixtures pro- 
sent unusual and individual eorrosion probloms. 


1. Morpholine from Dichloroethyl Ether, In a nickel-lined autoclave is placed 400 parts of 
aym-dichloroethyl ether, dissolved in 500 parts of benzene, and 286 parts of liquid anhydrous ammonia 
is then added, The pressure is inereased to 1500 p.s.i. with nitrogen, and the temperature is then 
raised to 50°, where it is maintained for 24 hours. The maximum pressure attained is 1750 p.s.i. 
The ammonia is then vented and reliquefed. The residual liquid in the autoclave is filtered from 
ammonium chloride and distilled to separate the morpholine from benzene and any unreacted chloro 
ether, The yield is 80% on the ether consumed (68). 

2. Amides from Glycerides. Patents have been obtained on the ammonolysis of esters, in- 
eluding glyeerides such as coconut, surdine, olive, linseed, cottonseed, soybean, or corn-germ, oils, 
with liquid ammonia at room temperature, With coconut oil and excess ammonia 12 hours is re- 
quired, and the amides can he separated by filtration from the liquid mixture of ammonia nud glycerol, 
which is then distilled (88), More rapid aminonolysis is obtained at temperatures of 100-150*C. 
(19,68). Audrieth and others (2) have shown that ammonolysis, like hydrolysis, is subject to acid 
catalysis. Ammonium salts (acids in liquid ammonia) increase the rate of ammonolysis of esters, 
including the glycerides of olive, cottonseed, maize, soyhean, castor, linseed, perilla, and tung oils, 
and of pork lard. Ammonium chloride is especially effective and has heen found to be active as a 
catalyst even above the critica] temperature of ammonia, 

3. Urea from Carbon Dioxide. The overall equation for the snumonolysis of carbon dioxide 
shows that replacement of oxygen by amino groups occurs: 


CO, 4- 2 NI; ———— (NICO - Π.Ο 
but a series of reactions is actually involved (28): 


5 NH;COONII, 


ammonium carbamate 


. low temp 
2 NH: 4- CO. 








elev. temp. 


NEILCOONH, —— — ———5 NIH4COOH + NII; 


elev. temp. 


NH.COOH ———-—_—> (HOCN 





HN:CO) 4- I5O 
cyanie acid 
HN:CO 4- NH; —— —9 (NHg)CO 





A dehydration is an essential step, so the presence of water in the reaction mixture is a limiting factor 
and at any given temperature a definite, reversille equilibrium is established (7). An advantageous 
shift in this equilibrium may be obtained by using an excess of anhydrous ammonia. Excess am- 


monia, from 180 to 280% of that combined as carbonate, gives conversions to urea from 80 to 85% of 
the carbamate ammonia (16). 
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‘he commercial production of unen is curried out us à continuous process (61) at elevated tem- 
peratures and at pressures of 150-300:2tm. The reaction mixture is highly corrosive; at elevated. 
temperatures it rapidly dissolves ordinary iron and steel aud vigorously attacks ehromium steel and 
many other alloys (25). Lead and silver are among the most, resistant materials and are used as lin- 
ings for sutoclaves and stills. Resistant steel alloys are used for parts subjected only to lower 
temperakures, and ordinary steel is satisfactory for handling the cold anhydrous raw materials. 
About 102 parts ammonia and 44 parts carbon dioxide are compressed and delivered separately into w 
gtenm-hbeated autoclave at 190°C, in which an internal pressure of about 200 atm. is maintained. 
The reactants are almost wholly converted to ammonium carbamate, which is largely dehydrated to 
area during the 2 hours required for passage through the autoclave. The melt from the autoclave is 
vooled to 150°, then led to a still maintained at 60°, where carbon dioxide and about two-thirds of the 
ammonia are stripped off. The residue is transferred to a erystallizer at 15?, where more ammonia is 
removed hy suction, then the crystalline urea is separated by passage through a continuous centrifuge. 
The mother liquor containing ammonium carbamate, ammunia, and urea is used in fertilizer manu- 
facture. 

4, Melamine. 1n some processes, not directly involving ainmonolysis, denmmonation is a side 
reaction, and the conditions of ammonolysis are employed to suppress the formation of undesirable 
by-products. Such is the manufacture of melamine by polymerization of dieyanodiamide: 83 CFLN, 
— 2 C,H4N. When dieyunociamide is heuted in an open vessel, much ammonia is evolved; 
the yield of melamine is less than 20% and large quantities of such deammonation products as melani, 
melem, and melon result. Improved yields of melamine are obtained with closed vessels which retain 
the ammonia, especially when charged to give a very limited freeboard (78). The best yields are 
obtained with added ammonia (81). Deammoustion is suppressed by aqua ammonia, but the 
presence of water favors the formation of oxygen-containing by-products such as ammmeline and 
ummelide, so moisture is now rigidly excluded in operating practice, The polymerization is strongly 
exothermic, und the use of a diluent is convenient to moderate the reaction and reduce the operating 
pressure. Using methanol, originally saturated to 3 atm. pressure with ammonia, the reaction muy 
be completed af 150°C, (7 hours, after 1 hour each at 10? intervals from 100°) with a maximum 
pressure of 80 atm. Tf liquid ammonia alone is used os a diluent, the maximum pressure at 160° 
reaches 200 atm.; this requires the use of expensive high-pressure equipment, but yields up to 100% 
are obtainable. Widmer and Fisch (80) have devised 4 two-step pracess giving equally good yields 
at lower pressures. Dieyanodiamide, 500 lb., is mixed with 133 lb. liquid ammonia in a 160-gal. 
autoclave adjusted for a working pressure of 40 atm. and provided with a powerful stirrer. The 
mass is then heated with stirring at 100° for 4 hours, a pressure of 25-80 atin, being generated. The 
greater part of the ammonia is then distilled, uud the autoclave is further heated to an external 
temperature of 150°. The internal temperature rises quickly as a result of exothermic reactions still 
continuing and reaches a final temperature of about 266°, but ammonia is allowed to escape so that 
the internal pressure does not exceed 40 atm. After allowing the autoclave to cool over a period of 
gevernl hours with continued stirring, and then blowing off the residual ammonia, the product is left 
as à fine powder containing 98-100% melamine. 

Theoretically, suppression of a side reaction by use of Increased concentration of one of the reac- 
tion products is always due to the ability of the added reaction product to reverse the side reaction, 
Tt has been observed that interruption of the melamine reaction at early stages gives a product con- 
taining high proportions of materials less soluble in. boiling water than either melamine or dicyano- 
diamide. Continuation of the reaction converts these matelials into melamine. Tt is evident, therc- 
fore, that dicyanodiamide is not directly converted to melamine hy simple polymerization, even 
under the most favorable conditions. The mechanism may actually involve a preliminary rapid 
condensation with elimination of ammonia, followed hy slower ammonolysis of the intermediate 
products to melamine, Ammonia has also been used to suppress decomposition of melamine itgeif 
during removal in the molten condition from reuction vessels (79) and during purification by flash 
distillation (82). 7 


V. Indirect Ammonolysis 


Several examples have been given of the use, in place of ammonia as the 
ammonolytic reagent, of substances such as ammonium carbonate or zine chloride 
aimmoniate which decompose with liberation of ammonia under the reaction condi- 
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tions. Mention has also been made of the use of ammonia derivatives, such ag 
primary and secondary amines, in reactions analogous to ammonolysis. Another 
interesting possibility is a sequence of reactions yielding products equivalent to an 
ammonolysis although no ammonia is introduced or liberated during the course of 
these reactions. 


1. 2-Aminopyridine from Pyridine. Heterocyclic buses rexet with metal amides giving amino 
derivatives in the form of their metal compounds; these are subsequently hydrolyzed to liberate the 
free amino derivative (18). Thus pyridine is converted into 2-aminopyridine, giving the result of the 
ammonolysis of a C—~H bond, although such a reaction will not proceed directly: 





H0 
NGI -- NaNIHs > Th + NCsHLNHNa ———> NC,HANER + NaOl 


It is believed that the initial step is actually addition of the metal amide to the —-CH-=N— group, 


and that the resulting product is then transformed to the metal derivative of the amine either through 
intramolecular rearrangement or by intermediate elimination of metal hydride: 


\ ἃ \ N 
| ) + NaN; ——> ||| i, ——> *Na|——o[| |. 00 He 
x xA mu ΝΡΝΠΝα 
| 





H 
Na 


Dry pyridine is added to a suspension of a slight exeess of sodium amide in dimethylaniline and 
stirred at 105-110°C. until hydrogen evolution ceases at the end of 8-10 hours. The mixture is then 
cooled and 5% aqueous sodium hydroxide solution is gradually added until the vigorous reaction has 
stopped then water is added to complete hydrolysis of the sodium salt of the amine. The amino- 
pyridine is recovered by benzene extraction after extraction of the dimethylaniline with a petroleum 
solvent and saturation of the aqueous rallinate with caustic soda. The reaction appears to be largely 
confined (o heteracyclie compounds, and most satisfactory results are obtained with pyridine and 
quinoline derivatives. 

2. Sulfamic Acid from Sulfur Trioxide. Sulfamic acid has been prepared by a number of direct 
ammonolytic reactions (1) -from fluoro- and chlorosulfonates, nitrosylsulfurie acid, and the sulfur 
trioxide pyridine compound, but none of these is suitable for industrial manufacture. Direct am- 
mouolysis of sulfur dioxide forms a complex mixture of ammonium amidosulfonate, imidodisulfonate, 
and sulfate, although moderate yields of sulfamide are obtainable with a large excess of dry ammonia 
in the vapor phase (77). The use of urea, followed by hydrolysis, avoids these difficulties and ig the 
husis of the present commercial method for sulfamic acid manufacture (76). Instead of aulydrous 
sulfur trioxide, oleum (fuming sulfuric acid) may be used: 





I0 
CO(NTI J- 80,1580, > CO(NHSO,ED, — , CO, -+ 2 NESSO,IT 
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AMORPHOUS STATE. Sce Solids. 

AMOSITE, (Fe,Mg)RIO; See Asbestos; Silica and silicates. 
AMPEROMETRIC TITRATION. See Analytical chemistry; Polarography. 
AMPHETAMINE, C,H;CH.CH(CH;)NH:. See Stimulants of nervous system. 
AMPHIBOLE. See Asbestos; Silica and silicates. 

AMPULS; AMPOULES. See Pharmaceuticals, 

AMYGDALIN, CoHyNOy. See Glycosides. 

AMYL. See algo under ‘‘Isoamyl.” 

AMYL ACETATE, CH;COOC;Hn. See Esters, organic; Solvents. 


AMYL ALCOHOLS 


Amy! alcohol (pentyl alcohol), CsHnOH, formula weight 88.15, occurs in 8 isomeric 
forms, not including optical isomers. The pure products are clear, colorless, mobile 


Formula 





CH,CH;CH,CH,CH.OH | 
CHCOHCHLCH (OH) CE, 


CTCTICELCOH) CHSCIT; 
CESCFSCIICCH3 C H20 E 


(6Η ΛΟΠΟΠΙΟΠΙΟΗΠ 
CH;CILCOH(CH,)s 


(CHOCHO HOED CTT 


(CH33CCILOH 





4 Called “d-amyl alcohol” because i£ givos deztro-valerie acid on oxidation. 


LUC. name 
I-Pentauol 
2-Penlanol 


3-Pentanol 
2-Methyl-1-butanol 


3-Methyl-1-butanol 
2-Methyl-2-butanol 


3-Methyl-2-butanol 
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Synonyms 


n-Amyl alcohol; n-butylearhinal 
Methyl-n-propylearbinol; active 
sec-umyl alcohol 
Diethylearbinol 
sec-Butylearbinel; active amyl al- 
cohol; "d-amyl aleohol" (levo 
form)? 
Tsobutylearbinol; isoamyl aleohol 
tert-Amyl alecho); dimethylethyl- 
carbinol; amylene hydrate 
Methylisopropylearbinol; — sec-iso- 


2,2-Dimethyl-1-propanol amyl alcohol 


tert-Butylearbinol; neopentyl al- 
cohol 





liquids of mild odor, with the exception of 2,2-dimethyl-l-propanol, which is solid. 
They are miscible with vegetable and mineral oils, witli solvents such as alcohols, esters, 
ethers, ketones, and aromatic hydrocarbons, and are slightly soluble in water. They 
are solvents for many resins and gums. "heir chemical properties are typically those 
of aleohols (¢..); some of their constants are given in, Table I. 


2- Meth yl- 
Constant I-Pentunol | 2-Pentanol | 3-Pentanol uo 
EVO 
M.p., °C. —T78.2 => « —10 
Αρ. °C. 137.8 119.0- 127.5~ 
110.5 127.8 
di? 0.8144£ | 0.8303 0.8193 
dio 0.817 0.8102 -— o 
di^ 0.810 0.8058 | 0.8154 | 0.8152 
n 1.4090 | 1.4087 | 1.4104 1.4107 
ni? 1.4581 1.4043. | 1.4070: | 1.4807 
Flash point | 136 108 102 122 
(open cup), 
aF., 
AY. wi./gal, | 6.83 6.76 6.83 6.79 
η at 20°C), E — -~ 5.09 
centipoises 
η αἰ 2PC, -— A — --- 
centipoises 
y at 25°C., | 83.81 — 4.12 -- 
centipoises 
q abt 59°C., oe — — -- 
ceutipoises 
nab 60°C., | 1.33 -- 1.00 1.44 
centipoises 
η ας 63?C., — — — τ᾽ 
centipoises 
lleat of va~- | 120.6 — 96.8 100 
porization, ' 
aul. /gram 
Sp. heat, 0,712 -~ — — 
eal /gram 
Coeff. of ex- | 0, 00002 — 0.00149 | 0.00078 
pansion per 








TABLE I. 


Constants for Various Amyl Alcohols. 





| - : 2,2. 
3-Methyl- | 2-Methyl- | 3-Methyl- | 5,2 
l-butanol | 2-butanol | 2-butanol Dimethyl: 














—117.2| —11.9 — 53 

130.6- | 101.8 112.0—- | 113-114 
181.0 113.9 

0.812 0.809 0.819 


0.8083 | 0.8017 — 
1.4053 1.4052 1.4005 
1.4057 1.4024 — 
132 70 — 


LIL; 


8.79 6.78 5.52 


3.86 - -— -- 
— 3.70 -— —- 
1.48 — — — 
— 0.99 -- -- 
105.4 | 106.2 -- — 
0.686 | 0.753 — — 


0,00089 | 6.00138 -— — 
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The amyl alcohols are used chiefly as solvents aud for the manufacture of esters 
(qv). Fusel oil, a by-product of aleoholic fermentation, contains 3-methyl-1-butanol 
(isoamyl alcohol), 2-methyl-1-butanol (‘active amyl alcohol’), as well as minor and 
variable proportions of lower and higher alcohols and (races of nonalcoholic impurities. 
A mixture of isomeric amyl alcohols is obtained by hydrolysis of amyl chloride, which 
is obtained by the chlorination of n mixture of pentane and isopentane obtained (rom 
petroleum. The U.S. production of refined amy! alcohols was 16,384,000 lb, im 1944. 
Sales were 14,133,000 Ib. and the value was $2,037,000 with a unit; value of $0.14. 


Manufacture 


Because of the limited supply of fusel oil, the manufacture of synthetic amyl aleo- 
ho] was begun in 1926 in order to mect the increasing demand for high-boiling solvents 
for use in automotive lacquers. 


The product contains all ol the amyl alcohols with the exception ol 2,2-dimethyl-1-propanol, 
Tho 2-methyl-1-butanol in this produet is inactive, whereas that in fusel oll rotates the plane of polar- 
ized light to the left. The absence of 2,2-dimethyl-1-propanol is explained not only by the negligible 
proportion of neopentane (2,2-dimethylpropano) iu petroleum but also by the iaet, that the boiling 
point of neopentane lies in the range of (he butancs, thus excluding it from the charging stock. — 3- 
Methyl-2-butanol cannot be isolated readily from the alcohols derived from amyl ehloride because of 
the proximity of its boiling point to that of 38-pentanol, It was formerly believed that the hydrolysis 
of 2-chloro-3-methylbuiane was aecompanied by complete reurrangement to 2-methyl-2-butanol 
. (teri-amyl alcohol), but it has been shown that 8-methy!-2-butanol can be separated from commorcial 
3-pentanol by very careful fractional distillation (7). ` 


In a continuous process for the production of the intermediate amyl chloride 
(2,3,4,5,8), pontancs from natural-gas gasoline are chlorinated in the vapor phase in the 
absence of light or catalysts. A mixture of about equal parts of pentane and isopentane 
is used, and is dried with hydrogen chloride in order to prevent corrosion of the ordinary 
steel equipment. A large excess of the dehydrated and vaporized pentanes is mixed 
with chlorine gas and passed through a heated pipe still. The g gases are cooled rapidly 
by flowing through a water-sprayed pipe bank, and are then passed to the first, of a 
series of four continuous fractionating columns. The nixture is stripped. of hydrogen 
chloride and most of the pentane in the first (wo columns. In the third column amyl 
chloride is taken overhead and polychloropentanes are dramed from the bottom. The 
remaining pentane is removed fram the amyl chlorice in the fourth column, 

The amyl chloride (see Chlorine compornds, organic) is a mixture of all the possible 
7 isomers derived from pentane and isopentane. In addition Lo its hydrolysis to amyl 
alcohol, amyl chloride is used in the manufacture of the amylamines (y.v.) and amyl 
mereaptan (see Mereaptans) (6), aud as à solvent. The hydrogen chloride is separated 
from the pentane and sold as hydrochloric acid. Dichloropontanes, which are obtained 
from the polychloropentanes, are uscd ag a solvent in synthetic-rubber cements of the - 
acrylonitrile—butadiene type. 

The amyl alcohols are produced in a continuous process (2,3,4,5,8) by the hydroly- 
sis of the amy] chloride with aqueous caustic soda in the presenee of sodium oleate as a 
catalyst at elevated temperatures. The reactants enter a full digester from which the 
slurry is forced into a second digester maintained about !/ to 1/, full. Amyl alcohol, 
amylene, unreacted amyl chloride, and a minor proportion of amyl ether distill over- 
head from the second digester, and brine is removed from the bottom. The slurry is 
returned continuously to the first digester so that the initial charge of oleic acid, which 
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is converted to sodium oleate, does not need constant replenishment. Amylene is 
separated from the distillate by stean distillation in the first of a series of three con- 
tinuous distillation columns. Unreacted amyl chloride is removed by steam distillation 
in the second column, water being required in order to effect complete separation [rom 


TABLE IL Constants and Specifications for Synthetic Amy] Alcohol, 











Constant Specifieution 
ny 1.409 Color Water-white 
Av. wt. /gal., lb. 6.79 Odor Mild, nonresidual 
Flash point (open eup), ΠΡ 0.812-0.820 
PF. | 118 Distillation, max. %: 
Fire point (open cup), Below 118°C. None 
ep, 113 Below 120°C, i 
Surface lonsion, dynes/ - Below 125°C., 50 
cem. 37.7 Below 180?C. 85 
Heat of vaporization, Above 140°C, None 
cal. /gram 00.4 ' Nonvolatile matter, 
Sp.heat, cal. /gram 0.725 max, gram/100 ml. 0.005 
Solubility, ml. 8.4 water: 100 Penta- Water content Miseible without tur- 
sol hidity with 19 vols. 
8.0 Pentasol: 100 wa- of 60° A.P.I. gaso- 
ter line at 20°C. 
Water azootrope at 91- Acidity None 
95?C., % Pentasol 63.8 
Coefficient of expan- 
sion per ?C., at 10- 
35°C. 0.00099 





the aleohol. A ternary constant-boiling mixture is formed and the distillate separates 
into two layers, one of amyl chloride and alcohol, and the other of alcohol and water, 
The residual amyl alcohol from the second column is dehydrated in the third column 
and is then. fractionated batchwise into tert-anyl alcohol, a mixture of amy! aleohols 


TABLE ITI. Specifications for Various Amyl Alcohols. 


Specification 1-Pentunot 2-Pentanol 3-Pentanol 2-Methyl-t- | 8-Mothyl-1- | 2-Methyl-2- 








butanol butanal butanol 
Color Walter-whito| Water-white|W ater-white Wiuter-white Water-white| Water-while 
"38 0.82 0.81 0.82 0.81-0.82 |0.81-0.82 |0.81 
Acid no., max, 0.06 0.06 0.06 0.06 0.06 0.06 
Water content None None None None None None 


Nonvolatile at 100° 

C., gram/100 ml, 
D max. 0,003 0.003 (0.008 0.003 0.003 0.003 

Distn.: 

100%, between °C.) — — — — 128.0-132.0.09.5-103.0 

95%, between ?C. 1184.5-1838.5117.5-121.5|113.6-117.6|125.0-131 -- -- 

3095 max., *C. — — -- 
F.p., not below °C. — — — — —14 
Watertolerance, ml. /- 

100 ml. ale., not less 

than — — — 














— 22 
known as '"Pentasol," and amyl ether, The brine is electrolyzed to chlorine and caus- 
tic soda, the amylene (see Hydrocarbons) is used in chemical synthesis, and the amyl 
ether (see Hihers) is employed as a solvent. 

Specifications (1) and properties of Pentasol are given in Table II; the composi- 
tion is approximately 59% primary alcohols, 36% secondary alcohols, and 5% tert- 
amy! alcohol, | 
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The relatively pure individual amyl aleohols are isolated from the mixed amyl 
alcohols by fractional distillation. 3-Methyl-1-butanol is obtained by a double frac- 
tionation with intermediate washing and dehydrating operations. The specifications 
of the commercial alcohols are listed in Table IIL. The individual alcohols contain very 
small proportions of the amyl alcohols that boil mnmediately above and below. 1- 
Pentanol also contains traces of amyl ether, Secondary und tertiary amyl alcohols 
have also been manufactured by hydration of anylenes with 50% sulfarie acid. 

Synthetic amyl alcohol and the individual amy! alcohols are shipped in L-gal. cans 
(6.5 Ib.), 5-gal. eang (34 1b.), aud 55-gal. drums (353 Ib.). In addition, the synthetic 
mixture is shipped in 8000-gul. tank cars. 2-Methyl-2-butanol (dert-amyl alcohol) is 
the only amyl aleoliol that requires a red label, 


Fusel Oil 


Fusel oil (see also Alcohol, industrial) is a by-product of the alcoholic fermentation 
of starches and sugars and is obtained by the redistllation of the erude ethyl aleohol. 
The proportion of fusel oil is about: 0.2 10 1.1% of the ethyl alcohol, and is highest when 
potatoes are fermented. 

Fusel oil is supplied in a erude and a refined grade. 


Specifications are variable, but 
typical specifications are given im Table TV. 


TABLE IV. Typical Specifications f for Pusel Oil and Refined Amy! Alcohol. 




















Specidention C rude dte "m i ETT 
Color Yellow ' Water-white 
Odor Strong Nour esidual Nouresidual 
Distn., 95: 

Below 110°C. -— None — 
Below 120°C, — « 15 -= 
Up to 122°C, 34 -- — 
Below 126°C, -- — None 
Below 130?C. — Above 00 
Above 182°C, --- Ναι one 
122-188^C. 61 -- 
αἌθονθ 138°C. 3.4 -= — 
. da8 0.83 0,811-0.815 0,811-0.8165 
Acidity as acetic acid, max. — 0.02 0.02 
Soly. in satd. sodium iso, O6 9 — — 
Ethyl alcohol, 95 by vol. 1.7 — — 
Dryness, miscibility with 20 vols, of 60 BG. gaso- 
line at 20°C, --- No turbidity No turbidity 
Nonvolatile matter, max. % ~ 0.005 0.003 





Fusel oil js composed chiefly of 3-methyl-l-butanol Gsoamyl alcohol) and 2- 
methyl-1-butanol (levorotatory), together with ethyl, n-propyl (about 3-595), and 
isobutyl (about 20%) aleohols, water, and traces of n-butyl alcohol, 1-pentanol, and 
hexyl and heptyl alcohols. Only primary alcohols are þelieved to be present, Traces 
of aldehydes, acids, esters, pyridine, and alkaloids have been reported. The strong 
residual odor of crude fusel oil is due to some of these nonalcoholic impurities. Refined 
fusel oil is obtained by chemical treatment and rectifieation of the erude. 

Refined amyl alcohol is produced by a combination of washing, chemical treat- 
ment, and distillation. The composition is about 85% 3-methyl-1-butanol and 15% 
2-methyl-1-butanol, Specifications are given in Table IV, | | l 
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Uses of Amyl Alcohols 


The amyl alcohols are solvents for resins such as urea-formaldehyde, urea-form- 
aldehyde reinforced with alkyds, ketone-aldehyde, soft copals, copal ester, mastic, 
sandarac, kauri, shellac, ester gum, benzyl abietate, cellulose esters in the presence of 
active solvents, anc cellulose ethers in the presence of esters or aromatic hydrocarbons. 
Paraffin is soluble only in the hot alcohols. The solvent power of the amyl alcohols 
leads to their nse as diluents for hydraulic fuids of the castor-oil type, in carburing 
fluids, rifle-bore cleaners, gum inhibitors, printing inks, and in lacquers (see Solvents). 

A loge proportion of the amyl aleohols other than tert-amyl aleohol is converted 
to amyl avetates (2,3,4,5,8), the chief uses for which are as a solvent in nitrocellulose 
lacquers and as an extractant for penicillin from corn-steep liquor, Methyl propyl 
ketone, a lacquer solvent, is made by hydrogenating 2-pentanol. The latter is also 
used in the preparation of the sedative Hedonal by treating the aleohol with phosgene. 
Refined fusel ofl is also employed for the manufacture of other esters, the most im- 
portant of which are amyl phthalate, which is a high-boiling plasticizer for resins, amyl 
butyrate, formate, and propionate Golvents), amyl benzoate and salicylate (perfumes), 
aud amyl nitrite aud valerate (medicinals). (See Asters, organie.) 

Any] aleohols find wide use in the mining industry as frothers for the flotation of 
nonferrous ores and, in the form of xanthates, such as potassium amyl xanthate 
(CsHnOCSSIN), as collectors (sec Flotation). 

The amyl alcohols are also used as antifouming agents, and are intermediates in 
the manufacture of photographic chemicals. teri-Amyl alechol (amylene hydrate 
U.S.P. XIII) is itself à hypnotie and uarcotie, but is used medicinally only as a sol- 
vent for tribromoethanol (see Anesthetics). 
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AMYLAMINES 


The aniylamines, CsHuNHe, (CsHn)eNH, and (CsHu)sN, are clear basic liquids of 
ammoniaeal odor, and evlorless when pure. Their chemical properties are typically 
those of amines (q.v.), and some of their physical properties are given in Table I. 
Monoamylamine is miscible with water, but the di- and triamylumines are insoluble. 

The commercially available amylamines are mixtures of isomers in which the 
anyl groups are primary and secondary straight and branched chains. They are manu- 
factured from amyl chlorides (see Chlorine compounds, organic) by ammonolysis (q.v.) 
with alcoholic ammonia at elevated temperature and pressure (see Alkylation). Small 
anounts of amylenes and amyl alcohols are formed (1). After most of the excess 
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Common name 


n-Amylamine 
2-Aminopentane 
3-Aminopentanc 
J-Amino-2-methyl- 
butane 
tert-Amylamine 


3-Amino-2-methyl- 
butane 
Tsoumylamine 


{-Amino-2,2-climeth- 
ylpropane 


Di-n-amylumine 

Bis(12nethylbutyD- 
amine” 

Bis(1-ethylpropyl- 
παπποῦ 

Bis(2-methylbutyl)- 
uminc? 


Bis(1-methyliso- 
butyl) amine? 
Diisonmylunine 


Tri-n-anrylamine 
Tris(2-methylbutyl)- 


amine” 


Triisoamylamine 





AMYLAMINES 


TABLE I. Physical Properties of Amylumines, 





Synonyms 


1-Aminopentane 
1-Methylbutylamine 
1-Elhylpropylamine 
2-Methylbutylamine; 
"d-amylamine" (lego) 
2-Amino-2-methyl- 
butane 
1-Methylisobulyl- 
amine 
I-Amino-3-mothyl- 
butane; 3-methyl- 
buiylamine 
2,2-Dimethylpropyl- 
zmine; neopentyi- 
amine 


1,1’-Dimethyldibutyl- 
amine 

1,1-Diethyldipropyl- 
ümiue 

2,2'-Dimethyldibutyl- 
amine; "di-d-amyl- 
amine” (dextro) 

H1 - Dimolhiyldtiso- 
butylamine 

Bis(8-methylbutyl)- 
amine 


2,2',2" "T'rimethyltri- 
butylamine; “‘uri-d- 
amylamine’” (dextro) 

Tris(3-methylbutyl)- 
amino 


a «pj? 18 frequently used i inste: ad ‘of His,” 





Kos ormula 





CH, Gils CHa! MCN He 
CHG4CH3CHsCTI(NTI CIT, 
CILCHCH(N H) CHC Ha 
CELCILCH(CH) CHN Hy 
CHaCHaCCOEH3)s NT 
(CIL) CHCEHQN ET) CH 


(ΟΠΠ) ΛΟΗΟΠΗΙΟΠΙΝΗ. 
(CHL) ΛΟΟΠΙΝΗ. 
(CHCH) JNE 
(CIBCIHSCHSCHQCIT)aNTI 
(CLECIHACH)ANTH 


(ΟΠΟΠ.ΟΠ(ΟΤΤ) ΤΝ Π 


((ς-1το.ΟΗΟΙΚΟΘΠΙΝΗ 
((CH,) «CH CH CEH.) NI 
(CHACHA JN 
(CHSCHaCH(CTIT CLG)4N 


(CHa3sC0ITCEDOIT;)4 N 





and “tri? 


be used in place of numbers (α for 1, 8 for 2, ate, ). 





TABLE II. Specifications and Properties ef Commercial Amylamines. 


instead of ris 


103-104 
80. 5-9 lyss 
89-01 
95.5-96 
(levo) 


83-87 
05-UTi 
81-33 
91-081 
185-188 
172 -174 


182-184 
(dextro) 


178-180 
185-187 
240-245 


230-237 
(dextro) 








Specifications p Amylamine: Diamylunino 
Color Wat er-white Water -white 
io very 
light straw 
3 0.76-0.78 0.77-0.78 
Water dilution, min. ratio 20:1 — 
Amine content, min. 95 90 90 
Acid-insolubles, max. ο --- 0.5 
Distillation; 
Initial b.p., min, °C, 84 175 
9595 min., below 108 202 
Final b.p., max. °C, 110 218 
Av. wb. per gal., Ib. 6.41 6.45 
Flash paint (open eup), °F 65 180 
y at 20°C., centipoises 1.02 1.26 
Water azeotrope at 82-85?C., amine 9f 79-82.5 m= 











70. Grea = 04/0. 





0.7662" 
0. 7989029 
0.74874" 
0.750525 


7475155 


0. 57415 


0.70164 


0.7878" 


0.707211: 


0.790413 


0. 788213 





( Crook letters may 


‘Triumyluming 


Water-white 
to elear 
light yellow 

0. 79-0. 80 


99 
1.0 


234 
260 
6.61 
215 
2.42 
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ammonia is removed by distillation, the amylenes, aleohols, and unreaeted amyl 
chlorides are steam-distilled. Tn order to decompose the amylammonium chlorides, the 
residue is treated with caustic soda. The remainmg amunouia, and then the amyl- 
amines, are distilled. Water is decanted from the amines, whieh are then dehydrated 
with caustic soda and fractionated, 


The amylamines are shipped in I-gal. cans, 5-gal. drums, and 55-gal. drums. 
Aimylamine requires a red label. 
Uses 


Ainylamine und diamylamine are intermediates for dyes, and their fatty acid 
soaps are emulsifiers and wetting agents in the textile industry. Amylammonium 
oleate is a frother for the flotation of copper ore. The salt from diamylamine and 
phosphoric acid is 6 corrosion inhibitor for hydraulic fluids of castor-oil base. Triamyl- 
amine is a corrosion and pickling inhibitor, a color stabilizer for gasoline, and an in- 
seeticide. 

Bibliography 
(1) Hunt, C. K., Zud. Eng. Chen., 35, 1048-52 (1943). 
C. K. Hunt 


AMYLASES. See Ifuzyimnes. 

AMYL CHLORIDE, C;HuCl See Chlorino compounds, organic. 

AMYLCINNAMALDEHYDE, C,H4C;H,CH:CHCIIO. See "Cinnamaldehyde" 
under Cénnamie acid. 

AMYLENE HYDRATE, CH,CH,C(CH,OHCHs, See Amyl alcohols. 

AMYLENES, CH. See “Pentenes” under Hydrocarbons. 

AMYL MERCAPTAN, GHauSH. See Mercaptans. 

AMYLNAPHTHALENES, CigH;C;Hu..— See Naphthalene. 

AMYL NITRITE, CHauNOs See Cardiovascular agents; Nitrogen compounds. 

AMYLODEXTRINS. Sce Starch. 

AMYLO PROCESS. See Alcohol, industrial. 

AMYLOSES. Sce Starch. 

ANABASINE, CyHuNs. See Alkaloids. 

ANAGYRINE, CuHj,4NSO. See Alkaloids, 

ANALCITE, NaAlSinOg. HeO. Seo Silica and silicates, 


ANALGESICS AND ANTIPYRETICS 


Analgesics are drugs employed to relieve pain without producing loss of consciousness. 
The analgesia is thought to be due to a central depressant action in the optic thalami 
of the brain. The types of pain amenable to relict by most of the analgesics are head- 
ache, myalgia, arthralgia, and other pains arising from muscles and joints and cuta- 
neous structures. The exceptions are morphine and meperidine, which are also effec- 
tive against pain arising from internal organs. 
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Antipyreties are drugs employed to reduee lever. Antipyresis is usually rapid and 
effective in febrile patients, but is rarely demonstrable when the body temperature is 
normal. Heat production of the body is not inhibited, but hest dissipation is aug- 
mented by increased peripheral blood flow, hydration of the blood, and sweating. The 
action is mainly on the central nervous system and uot peripherally on the blood 
vessels or sweat glands, 

The analgesics and antipyreties can be divided into two distinct groups, the first 
being those compounds which have primarily an analgesic action, such ss morphine, 
meperidine, and colchicine. The second group consists of those compounds which have 
both analgesic and antipyretic activity and includes the salicylates, cinchophen, neo- 
cinchophen, acetanilide, avetophenctidin, antipyrine, aid aminopyrine. 

No attempt will þe made to discuss anesthetics (g.v.)—which are analgesic in the 
firsl stage of anesthesia—or eompoiuncds whose loei of action are outside of the contral 
nervous system, 


Analgesics 


Morphine (sce also Alkaloids), discovered by Sertiimer in 1814, is the principal 
alkaloid, and also the most important alkaloid, obtained from opiu. Lts strong anal- 
gesic aetion was utilized in erude opium as early as the first century A.D. Et is usually 
employed in the form of its salts, namely, niorphine sulfate, U.S.P. XIII, mnd morphine 
hydrochloride, N.F. VILI, which are more soluble than the free base. The sulfate is 
soluble about 1:15.5 and the hydrochloride about 1:17, in water at 25°C. Morphine 
is one of the phenanthrene alkaloids and acts chiefly on the central nervous system and 
the bowel. It exerts a narcotic action in man, producing analgesia and sleep. Pain is 
relieved, hunger is abolished, and often a euphoria is produced. Morphine causes a 
‘selective depression of the respiratory center which is a serious drawback to its clinical 
use. It causes constriction of the pupil, and recovery is often accompanied by after- 
depression, constipation, and sometimes nausea and vomiting. The relief of pain by 
morphine is the ehief action which is most often sought clinically. With suficient 
amounts of morphine it is possible to abolish nearly all forms of pain, and in contrast 
to the salicylates and related analgesics, morphine is effective agaiust pain arising from 
internal organs as well as from cutaneous structures, muscles aud joints. However, a 
tolerance to morphine is developed as à result of repeated use, aud there is also great 
danger of addiction occurring, l 

Derivatives of morphine that are of some importance are eodeine, ethylmorphine, 
and dihydromorphinone. Codeine is a relatively weak analgesic, but is used exton- 
sively as a cough sedative. Ethylmorphine hydrochloride, Dionin, has an analgesic 
action intermediate between morphine and codeine. Dihydromorphinone, Dilaudid, 
is a more powerful analgesic than morphine, but is proportionately more toxie. It is 
administered in a dose about one-fourth that of morphine. 

Meperidine hydrochloride (ethyl 1-methyl-4-phenyl-4-piperidinecarboxylate hy- 
drochloride), CisH2NO2HCl (1), formula weight 288.79, is also known as Demerol, 
isonipecaine, pethidine, Dolantin, and Dolantol. It occurs as a colorless, crystalline 
powder, n.p. 185~187°C., which is odorless and slightly bitter in taste. It is readily 
soluble in water and has a neutral or very slightly acid reaction. ‘The solution is not 
decompose by a short period of boiling. 

The preparation of meperidine was first described by Tisleb (88) in 1939. Toa 
mixture of benzyl cyanide and di(@-chloroethyl)methylamine (prepared from di- 
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ethanohnethylamine by means of thionyl chloride) in toluene was added sodium amide 
in portions, with cooling. After purifying by means of an acid extraction, the base of 1- 
methyl-4-phenyl-4-cyanopiperidine was obtained in 67% yield, be 158°C., m.p. 53°C, 
The hydrochloride of this base melted at 221-222°C. The nitrile was converted to the 
acid by heating under pressure at 190-200°C. with potassium hydroxide in methanol. 
The acid loses a molecule of water of crystallization with difficulty, only at higher 
temperatures, and melts at 299°C. By dissolving the acid in thionyl chloride and dis- 
tilling off the excess, the hydrochloride of? 1-methyl-4-phenyl-4-piperidinecarboxylic 
acid chloride was obtained. The acid chloride was treated with ethyl alcohol and pro- 
duced the meperidine base, he 147°C., m.p. 30°C. When converted to the hydro- 
chloride it melted at 187-188°C. 

Two years later Wisleb (39) also patented the intermediate 4~cyano-4-phenyl- 
pentamethylene oxide, which was obtained in 50% yield hy the reaction of benzyl 
cyanide, 8,8'-dichloroethiyl ether, and sodium amide. In 1944 Bergel and co-workers 
(2) prepared meperidine froin this intermediate by splitting the ether linkage with 
hydrobromie aeid at 120-130?C. "Phe bis(G-bromoethyl)phenylacetie acid, m.p. 
118°C., was converted to the ethyl ester and then heated with methylamine at 110°C. 
for 2 hours. The following year Bergel et al. (40) patented the process of alkylating 
benzyl cyanide with ehloroethyl methyl formal and hydrolyzing this product to bis(g- 
hydroxyethyl) phenylacetonitrile. This nitrile could in turn be converted to meperi- 
cine. 

Meperidine was introduced as an analgesic and antispasmodic by Eisleb and 
Schaumann in 1939 (5). Il possesses & spasmolytie action common, to the esters of 
basic alcohols, but more important, ib possesses a strong analgesic action. The anal- 
gosie effect, when measured quantitatively, appears to be between that of morphine 
and codeine. . | 

Batterman (1) reported that with $81 patients complete control of pain was 
achieved in 85% of the cases, and a moderate response was obtained in about, 10%. 
The oral route was less effective than parenteral administration. The side effects were 
mostly of a minor nature, such as euphoria, perspiration, dryness of the mouth, flushing 
of the face, and mild dizziness, Tn contrast to morphine, respiratory depression and 
urinary retention were rare, aud the size of the pupil and pupillary rate were un- 
changed. 

Meperidine lias proved very effective in control of pain in labor. Schumann (15): 
reported that with 847 patients amuesia was obtained in 70.5% of the cases, and anal- 
gesia but no amnesia was obtained in an additional 16.9% Itis also indicated that 
labor possibly may be shorlened by improvement of the tone of the uterine muscle. 
Meperidine apparently has little or no cffeat on the child. . 

Sinec it is difficult £o prove whether or not meperidine is habit-forming and inas- 
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much as a euphoria oceasionally follows administration, the use of this drug is 
controlled by the Federal Narcotic Ach in the same manner as the opium alkaloids, 

Colchicine, U.S.P. XIL (see also Alkaloida), is classed as an alkaloid but forms no 
salts even with highly dissociated (strong) acids. [ts use is almost exclusively in the 
treatment of acute attacks of gout on an entirely empirical basis. Many patients fail 
to respond to colchicine, but some experience striking benefit within a few hours. It 
is practically valucless in chronic cases and according Lo Lockie (12) is of little or no 
value in other forms of arthritis, Colchicine is usually given in tablet form in a dose of 
one mg. and repeated every two or three hours for four or five doses (7). The drug is 
extremely poisonous aud often produces nausea and diarrhea. 

In 1934 Dustin (4) found that colchicine arrested cellular mitosis in the meta- 
phase, and large doses could completely prevent cells from entering mitosis. This 
action of colchicine takes place in vitro and in vivo lor normal cells, rapielly regenerating 
cells, and cancer cells. Ti has been used to produce regression in certain types of ex- 
perimental tumors. 

Amidone, (Ch OC(COCHYCLCH (CH) N (Clay a synthetic drug developed 
by German chemists about 1941, has been reported to have far better analgesic proper- 
ties than morphine and to be less likely to cause addietion. 


Analgesics and. Antipyreties 


Salieylates (7) (sce also Acctylsalieylie acil; Salicylic acid). The group ol com- 
pounds referred to collectively as the sali¢ylates includes sulieylic acid, its esters, and 
its salts. 

Salicylic acid (o-hydroxybenzoie acid), U.B. P. KIIL, is weakly bacteriostatic and is 
very irritating to the skin md mucosa. Tt is used externally, in preparations such as 
Whitfield’s ointment, as 1 keratolytic agent for treatment of warts, corns, fungus infec- 
tions, and certain types of eezematous dermatitis. 

Phenyl salicylate N.Y. VITT, commonly known as salol, was introduced by Nencki 
in 1886 as the long-sought intestinal antiseptic. It was believed that it would pass 
through the stomach unchanged and then be hydrolyzed gradually in the intestine into 
phenol and salicylic acid. Unfortunately, the clinieal trials have not fully substanti- 
ated this theory, and the value of salol in treatment of enteritis anc intestinal fermen- 
tations has bean questioned (9). Phenyl salicylate has been used to some extort as an 
enteric coating for capsules and tablets. 

Methyl salicylate, U.S.P. XIIL is of little value ns an analgesic and antipyretic. Tb 
is used externally as a counterirritant for painful muscles and joints and is used in many 
preparations as a flavoring agent and perfume. 

The two most commonly used compounds for oral acininistration are sediim 
salicylate, U.S.P. XIII, and acetylsalicylic acid, U.S.P. NITE (aspirin). Sodium salicyl- 
ate was used for the first time as an antipyretic by Buss in 1875, and its value in rheu- 
matic fever was discovered by Stricker in 1876. Acotylsalieylie acid was introduced to 
medicine in 1899 by Dreser. Both courpounds are effeetive in lowering the body term- 
perature of febrile patients, but have little effect when tho temperature is normal. The 
antipyretic action is nonspecific and does not influence the course of the disease. Both 
drugs are valuable for the relief of certain types of pain arising from nuscles, joints, and 
cutaneous structures, such as migraine, arthritis, dysmenorrhea, neuralgia, aud myal- 
gia. They are given in doses of 0.3-1.0 gram every three or four hours, The nausea 
and gastric irritation from sodium salicylate may be avoided by the simultaneous ad- 
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iuinistration of an equal or double amount of sodium bicarbonate. This treatment 
holps prevent tho release of salicylic acid in the stomach. 

These two drugs are much inferior to morphine or meperidine as analgesics. 
They are capable of Yelieving acute attacks of gout when given in large repeated doses, 
but are somewhat inferior to cinchophen, especially for the therapy of chronic gout. 
An important use of both sodium salicylate and acetylsalicylic acid is the treatment of 
acute rheumatic fever. Although they do not shorten the course of the disease, they 
reduce the pain, swelling, immobility, and inflammation of the joints. Aminopyrine 
and cinchophen have a similar action qualitatively. 

Cinchophen, N.F. VIII (2-phenyl-4-quinolinecarboxylie acid), CyeHyNO, (II), 
formula weight 249.26, is also known as phenyleinchoninic acid, Atophan, quinophan, 
and phenaquin. Cinchophen occurs in small, white, needle-like crystals, or in fine pow- 
der of uniform texture. It is nearly odorless and has a slightly bitter taste. Cincho- 
phen is stable in air and melts at 213-216°C. It is almost insoluble in cold water. One 
gram of it is soluble in about 400 ml. of chloroform, 100 ml. of ether, or 120 ml. of aleo- 
hol at 25°C. If cinchophen is heated for some tine above its melting point, it loses 
sarbon dioxide and becomes 2-phenylquinoline. 

Cinchophen was first synthesized by Docbner aud Gieseke (8) in 1887 by warming 
equal molecular amounts of pyruvic acid and benzaldehyde in alcohol and gradually 
addiug one molecular equivalent of aniline in aleohol. This procedure was later slightly 
modified by Garzaralli-Thurmlackh by dissolving equivalents of the three reactants in 
alcohol and heating under reflux. This modification, however, also resulted in a low 
yield of phenylcinchoninic acid and a large amount of by-products. 

A novel method of synthesis was described by Pfitzinger (14), who heated isatin 
and acetophenone with alcoholic potassium hydroxide. The allcali caused the isatin 
to be converted to o-aminophenylglyoxalic acid, which in tm condensed with accto- 
phenone. In 1914 a process patent was gr anted i in England (17) which used this reac- 
tion with 33% aqueous potassium hydroxide and claimed almost theoretical yields. 

The first patent issued in the United States for the manufacture of cinchophen was 
obtained by Thiele and Wichmann (25), who claimed the process of heating henzyl- 
ideneaniline in boiling alcohol and gradually adding the molecular equivalent of 
pyruvic acid. Pasternack (29) again modified the conditions slightly by adding simul- 
tancously molecular equivalents of aniline, benzaldehyde, and 30% aqueous pyruvic 
acid to boiling alcohol. Haussler (28) claimed that the use of 1.75 moles of benzyl- 
idencaniline to 1 mole of 50% aqueous pyruvic acid increased the yield of cinchophen 
from 50-80% based on the pyruvic acid used. Grether (86) has deseribed the removal 
of colored impurities by decolorizing a solution of ammonium phenyleinchoninate and 
reprecipitating the cinchophen with acetic acid. . 

Cinchophen was first introduced to medicine under the name of “Atophan” by 
Nicolaier and Dohrn in 1908 and was proposed for the treatment of gout. In most of 
its pharmacological actions Ginchophen resembles the salicylates, but it has no local 
action. It is used as an analgesic and antipyretic, and is effective in acute rheumatic 
fever, However, the possibility of its producing a severe liver damage favors the use 
of the salicylates for these purposes (7). In 1928 Hatcher (8) proved that the cincho- 
phen idiosynerasy is not caused by y-anilino- ~y-phenylbutyric acid, a by-product of 
cinchophen manufacture. 

The disease for which cinchophen has been most used is chronic gout. It greatly 
increases the excretion of uric acid and diminishes its concentration in the blood. The 
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mechanism by which cinchophen increases uric acid excretion is unknown. In the 
acute attack of gout cinchophen gives no better results than ean be obtained with 
salicylates or colchicine. 
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Neocinchophen, U.8.P. XIII, is the ethyl ester of 6-methyl-2-phenyl-4-quinoline- 
carboxylic acid, Cig Haz N Os (ITI), formula weight, 201.33; it has been known by names 
such as Novatophan, Neoquinophan, and Tolysin. It occurs as a white to pale yellow, 
erystalline powder. Neocinchophen is odorless and tasteless, stable in air, but is 
affected by light. It is nearly insoluble in water, soluble in hot alcohol, and very 
soluble in ether and chloroform. The U.S.P. specifies that neocinchophen may not 
melt below 74°C. 

In the wide search for a less toxic compound for the treatment of gout neocincho- 
phen was one of numerous cinchophen derivatives prepared. In 1912 a product patent 
was granted to Thiele (24), who prepared the ester by treating, G-methyl-2-phenyl- 
cinehoninie acid in alcohol with anhydrous hydrogen chioricle. 

‘The pharmacological actions of neocinechophen resemble those of cinchophen, and 
the clinical uses and dosages also are similar. It has the advantage of being almost non- 
irritating. It is said that the incidence of toxic cirrhosis of the liver following neo- 
einehophen medication is less than with cinchophen; however, Goodman and Gilman 
(7) state that the alleged greater safety of neocinchophen is still questionable. As a 
result, of its limited solubility it is less rapidly absorbed than einehophen-—-also the 
symptoms of salieylism do not occur as often. 

In addition to ueocinchophen numerous other derivatives of einchophen have been 
synthesized, and several of them have been patented and placed on the market. The 
three types of variation have been: (/) change of the ester group, (2) substitution in 
the 6-position, and (3) substitution in the phenyl group, However, none of these 
derivatives has attained auy great popularity. 

Acetanilide (g.v.) (acetanilid, U.G.P. XIID, was introduced to medieiue as an anti- 
pyretic under the name of Antzfebrin by Cahn and Hepp in 1886. Its original use to 
reduce fever has been supplanted hy its employment for velicf of pam, — Acetanilide is 
contained in many of the proprietary headache remedies. 

It is believed that the action of acetanilide is due, in part at least, to conversion in 
the body into p-aminophenol In 1878 Schmiedeberg first observed that aniline and 
its simple derivatives are converted in the body into p-aminophenol. Michel et al. (13) 
confirmed the fact that acctanilide is liydrolyzed by various tissues to acetic acid and 
aniline, and that aniline in the presence of tissuc may be oxidized to p-aminophenol. 
The early reports of poisoning by acetanilide resulted ina search for a less toxic com- 
pound, particularly among the derivatives of p-aminophenol. One of the most satis- 
factory of those found in this search was acctophenetidin. 

Since the pharmacological actions of acctanilide and acetophenetidin are so simi- 
lar, this action will be discussed more in detail under the description of the latter com- 
pound. - 


ANALGESICS AND ANTIPYRETICS 857 


Acetophenetidin, U.S.P. XIII, is. N-acetyl-p-pheuctidiue and has the formula: 
CH;CONHC.H,OC:Hs, formula weight 179.21. It is also known as p-acetamido- 
phenetole, p-ethoxyacetanilide and Phenacetin. The compound occurs as colorless, 
glistening crystals, or as a fine, white, crystalline powder. It is odorless, slightly bitter 
in taste, and is stable in air. At 25°C. 1 gram of acetophenetidin is soluble in 1300 ml. 
of water, 15 ml. of aleohol, 15 ml. of chloroform, about 130 ml. of ether, 85 ml. of boiling 
water, and in 2.3 ml. of boiling alcohol. U.S.P. requires a m.p. of 1384~136°C. A sus- 
pension of 1 gram of acetophenetidin in 20 ml. of water, when shaken for 2 minutes, is 
neutral to litmus. 

The preparation of acetophenetidin was deseribed by Hinsberg in 1899 from p- 
nitrophenetole. After reduetion with zinc and hydrochlorie acid he converted the p- 
phenetidine formed to acetophenetidin in good yield by means of 1.5 moles of acetic 
anhydride, It is reported that Hinsberg was sceking a use for a quantity of p-nitro- 
phenol which had acctunulatecl as a by-product from the dye works. 

p- Nitrophenctole has been prepared by heating equal molecular equivalents of p- 
nitrophenol, ethyl chloride, and aqueous sodium hydroxide in an autoclave for 7-8 
hours at 90-100°C.  p-Nitrophenetole has also been prepared from p-nitrochloroben- 
zene by heating with alcoholic potassium hydroxide in the presence of potassium sulfite. 
‘This reaction has been described in detail by Shreve (16). In a stirred iron kettle 63 
kg. of potassium hydroxide (94%) is dissolved in 1000 liters of 95% ethanol at 45°C. 
Five kg. of potassium sulfite and 157 kg. of p-nitrochlorobenzene are added, and the 
temperature is raised to 50°C. when the reaction starts. The temperature is then in- 
creased by steps of § degrees at six-hour intervals, adding 1 kg. of powdered potassium 
sulfite at cach step until the temperature reaches 80°C. and held at this point for 12 
hours—about 9597 of the starting material has then been converted. The hot solu- 
tion is filtered to remove potasstun chloride, 7 kg. of potassium sulfite is added, and the 
mixture is heated for 3 hours at 80°C. It is again filtered and the alcohol is distilled 
from the filtrate. p-Nitrophenetole is isolated from the residue in practically theo- 
retical yield. 

The proditetion of p-phenetidine by reducing p-uitrophenetole with tin and hydro- 
chloric acid was described by Hallock in 1879. Zine or iron and hydrochloric acid have 
also been used successfully. An ingenious process was patented by Reidel (18) in 1889 
in which 2 moles of p-phenctidine could be obtained from 1 mole by diazotizing and 
coupling with the cheaper compound, phenol. To a cold solution of 13.7 kg. of p- 
phenetidine and 37.5 kg. of 20% hydrochloric acid in 200 liters of water was added 
a solution of 6.3 kg. of sodium nitrite in 50 liters of water. The diazo solution was 
added to a solution of 9.5 kg, of phenol and 20 kg. of sodium carbonate in 350 liters of 
water. After the mixture had stood 1 hour, the yield of azo compound was practically 
quantitative. 10 kg. of the 4-ethoxy-4'-hydroxyazobenzene was then dissolved in 50 
liters of aleohol eontaining 1.66 kg. of sodium hydroxide. 'lo this solution was added 
4.6 ke. of etlryl bromide and the mixture heated in an autoclave at 150°C. for 10 hours. 
After distilling off the alcohol the sodium bromide was washed out with water, and the 
residue was washed with dilute sodium hydroxide to remove any unalkylated starting 
material. The 4,4'-diethoxyazobenzene was reduced to p-phenetidine by treating 10 
kg. of the azo compound with 6 kg. of zinc and 50 kg. of 20% hydrochloric acid until 
everything was iu solution, The solution was made alkaline and steam-distilled with 
superheated steam. The p-phenetidine was separated from the distillate. 
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The p-phenetidine obtamed was readily acetylated by heating under reflux equal 
weights of p-phenetidine and glacial acetic acid with a little sodium acetate until no 
free base remained. The excess acetic acid was removed under reduced pressure and 
the acctophenetidin was recrystallized from water or dilute alcohol. Sulfur dioxide 
was usually added to prevent oxidation. An improvement on. the acylation process was 
patented by Mills (38) in 1982. The system was swept with carbon dioxide and the p- 
phenetidine was heated to 125°C. in the presence of aluminum metal. Ab this tem- 
perature or above, glacial acetic acid was added and the water was distilled off. When 
the temperature reached 160°C. it was held there for 1.5 hours, after which the mixture 
was poured into water. A 9096 yield of acetophenetidin was obtained. 

Acetophenetidin was first used as an antipyretia by Iinsberg and IXast in 1887. 
However, this use of acetanilide and acetophenetidin has been supplanted by their 
employment for relief of pain. The type of pain relieved is that whieh usually oceurs in 
headache, and in many muscle, joint, and peripheral nerve affections. The action is 
similar to that described for the salicylates. In contrast to the salicylates, however, 
aectanilide and acetophenctidin are not used for relief in gout or rheumatic fever. 
According to Goodman and Gilman (7), they are more toxic than the salicylates and 
cannot be used as continuously or in such large doses without risk of poisoning. Al- 
though acetanilide is more toxic than acetoplienetidin, the exeessivo or long-eontinued 
use of cither drug may result in the conversion of hemoglobin of the blood into met- 
hemoglobin. This in turn may produce cyanosis and a functional anemia. 

Antipyrine, N.F. VIII (1-phenyl-2,3-dimethyl-5-pyrazolone), CuHuN;O (IV), 
formula weight 188.22, has also been known as phenazone, Analgesine, Paradyne, 
phenylone, Anodynine, and sedatine, Antipyrine occurs as colorless crystals or as a 
white, crystalline powder which. is odorless und has a slightly bitter taste. One gram of 
antipyrine is soluble in less than 1 ml. of water, in 1.3 ml. of alcohol, 1m. of chloroform, 
and in 48 ml. of ether at 25°C. It melts at 111-113°C. An aqueous solution of anti- 
pyrine (1 in 20) is neutral to litmus paper. It rapidly develops the deep green color of 
4-nitrosoantipyrine when treated with nitrous acid. 

Antipyrine was first prepared hy Knorr in 1884. He heated what he enlled “oxy- 
methylehinizin” with methyl iodide and methanol in a sealed tube at 100°C. and ob- 
tained a product melting at 113°C. That same year Knorr obtained a product and 
process patent on the compound which he correctly identified as dimethylphenyl- 
pyrazolone (19). It was obtained by heating acetoacetic ester with phenylhydrazine at 
100-150°C. to form methylphenylpyrazolone, and then alkylating by heating with a 
methyl halide. In 1887 Knorr (10) prepared the same compound by heating phenyl- 
methylhydrazine with acetoacetic ester at 130-160°C. 

In 1891 Scholvien (20) patented an alkylation process in which phenylmethyl- 
pyrazolone was methylated by means of sodium methylsulfate and 50% hydriodic 
acid, and which gave an 80% yield of antipyrine. That same year Ebert (21) patented 
a new product, phenylmethylethylpyrazolone, which was prepared by heating equal 
parts of phenylmethylpyrazolone and ethyl iodide in an autoclave at 150°C. for 12 
hours. However, many years later Grether and Belsley (80) demonstrated that, 
when this same reaction was carried out using methanol as a solvent, the product was 
not the ethyl derivative, but antipyrine instead. In 1982 Oser and Laurent (31) 
described a methylation procedure which did not require pressure equipment. 1- 
Pheuyl-3-methylpyrazolone was heated in anisole to 185°C., and methyl bromide was 
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bubbled through the inass for 10 hours. After removal of the anisole by steam dis- 
tillation a 0595 yield of antipyrine was obtained. 

In 1033 two processes were described for purifying antipyrine. In the first mti- 
pyrine is distilled (34) with steam at 125~-160°C. and 80 mm. of pressure. The dis- 
tillate contains 5-6% of antipyrine, which is recovered by removing the water. In the 
second process autipyrine is extracted (35) from the reaction mixture with chloro- 
benzene and erystallized from the same solvent. 

Antipyriue was introduced to medicine in 1884 as an antipyretic, but is now pre- 
scribed more often as an analgesic. Ity action is very similar to that of the salicylates 
and acetophenetidin, but it does not increase the elimination of urie acid like the 
salicylates and cinechophen, Antipyrine has some slight local anesthetic and antiseptic 
activity, but itis too weak £o he of much medicinal value. 

Antipyrine has been sold in combination with many drugs, such as acetylsalicylic 
acid, salicylic acid, elioral hydrate, and mandelie acid. Innumerable derivatives of 
antipyrine have been prepared, but only one of these, aminopyrine, will be discussed. 

Aminopyrine, U.5.P. XIII (i-phenyl-2,3-dunethyl-4-dimethylamino-5-pyrazo- 
lone), Ci E7N3O0 (V), formula weight 231.20, i5 also known as amidopyrine, Pyramidon, 
and dimethylaminoantipyrinc, Aminopyrine occurs as odorless, colorless crystals, or 
as a white, crystalline powder. It is stable in air, but is affected by light, and is readily 
attacked hy mild oxidizing agents. One gram of aminopyrine is soluble in 18 ml. of 
water, 1.511. of alcohol, 12 ml. of benzene, 1 ml. of chloroform, and in 13 ml. of ether 
at 25°C. It melts at 107-109°C. An aqueous solution (1 in 25) is slightly alkaline to 
litmus paper, Acetylsalieylic acid aud phenyl salieylate are discolored and become 
moist when mixed with aminopyrine, as do citric, tartaric, and salicylic acids, phenol, 
aud chloral hydrate. 
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Aminopyrine was first prepared in 1803 by Stolz, He nitrosated antipyrine by 
treating it with sodium nitrite in acid solution. The nitrosoantipyrine was reduced to 
the amine with zine dust and acetic acid, and was methylated by heating with methyl 
iodide in aleohol. Jn 1897 Stolz (22) was granted a product and process patent for 
aminopyrine in which the above methylation step was described. Since the direct 
methylation of aminoantipyrine with methyl iodide or dimethyl sulfate gives rather 
poor yields, a number of other methods have heen employed. The processes which are 
probably used most today will be described. Freedman and Sherndal (32) nitrosated 
antipyrine and reduced it to aninoantipyrine in good yield with sodium sulfide or 
sodium hydrosulfide. Dvornikoff (87) described the methylation of aminoantipyrine 
using formic acid and formaldehyde at 95-L00°C. Seheitlin (23) treated nitrosoanti- 
pyrine with excess sodium bisulfite and obtained. 4-sulfaminoantipyrine, which was 
heated in aleohol with dimethyl sulfate at, 110-115°C. for 3-4 hours to give amino- 
pyrine. Hoffman (26) methylated the sulfamino derivative with formic acid and for- 
maldehyde in good yield. Lockeman (27) reduced nitrosoantipyrine with zinc powder in 
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acetic acid and methylated the amino compound with formaldehyde and zine powder 
in acetic acid. 

Aminopyrine resembles antipyrine in its antipyretic and analgesic action. In 
equivalent doses aminopyrine is more effective than antipyrine, but its action is slower 
in onset and more enduring. In acute rheumatic fever aminopyrine has been found 
to be as effective as the salicylates or cinchophen in much smaller doses. Although 
aminopyrine is a valuable analgesic, its prolonged use is consiclered dangerous. A 
number of clinicians (6,11) have reported severe and even fatal cases of deficiency of 
leucocytes in the blood (agranulocytosis). However, when one considers the large 
number of persons who take aminopyrine and the comparative few who develop this 
condition, it would seem that there must be some factor of personal idiosynerasy in- 
volved. 

A great many derivatives of aminopyrine have been synthesized sand patented, 
but none has attained the extensive use of aminopyring, Numerous combinations of 
aminopyrine with other drugs are sold for the relief of pain, 
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ANALYTICAL CHEMISTRY 


I. Analytical Chemistry, General: A. Qualitative; DB. Quantitative, 871. II. 
Analytieal Chemistry, Conunercial, 892. | 

This article aims to survey the principal methods available in qualitative and 
quantitative analysis and their applications in industry. Particular methods of 
analysis are discussed in greater detail under separate articles, such às Conductom- 
etry; Polarography; Spectroscopy. For many particular substances the analytical 
methods available are briefly mentioned in the articles describing these substances. 
In general, underlying principles are given, rather than details of procedure, which 
may be obtained from the works listed in the bibliographies. 


I. ANALYTICAL CHEMISTRY, GENERAL 
A. QUALITATIVE 


Qualitative analytical chemistry is the branch of the science that deals with the 
laws, theories, principles, and methods used in determining the constituents present 
in matter. It is not to be confused with quantitative analytical chemistry, which is 
the study of processes that are used to determine how much of a constituent is pres- 
ent. A brief outline of inorganic qualitative analysis, only, is given here; for 
organic anulysis, see Organie analysis. 

As a general rule inorganic substances are ionic, that is, they are made up of 
atoms or groups of atoms that have either (1) lost electrons or (2) gained electrons. 
In the first case the groups are positively charged and are called cations. In the 
second case the groups are negatively charged and are called anions. <A qualitative 
analyst, then, makes tests to establish the presence or absence of cations and anions 
in a solution of the sample or in suitable extracts of the sample. The preparation 
of a solution for analysis will be described later. 

There ure approximately thirty common cations and an equal number of 
anions. Tor systematic analysis these cations and anions are divided into groups 
based upon the solubilities of their salts. 


Outline of Groups 
CATIONS 
Group I—ions whose chlorides are difficultly soluble in water and in acids. 


The precipitating agent is hydrochloric acid. The ions comprising this group are: 
lead ion, Pb** ; mercurous ion, Hg3t ; and silver ion, Ag*. 
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Group IJ—ions whose sulfides are spavingly soluble in water and in dilute acids, 
The precipitating agent for this group is hydrogen sulfide in a 0.8 N acid solution, 
The group is subdivided into subdivision A, which includes those ions whose sulfides 
do not react with the sulfide or hydrosulfide ions, and subdivision B, which includes 
those ions whose sulfides react with the sulfide ion to form soluble thio salts. The 
ions in subdivision A are: lead ion, Pb**; bismuth ion, Bi**; euprie ion, Cu**; 
and cadmium ion, Cd?*. The ions iu subdivision B are: mercuric ion, Hg"; 
arsenious and arsenate ions, As** and AsO}7; antimonous and antimonate ions, 
Sb* and ShO}7 and SbCl; ; and stannous and stainate ions, Sn?? and Sn. 

Group III—ions whose sulfides are not precipitated from dilute acid solutions 
but are almost insoluble in water aud slightly alkaline solutions or aure hydrolyzed 
by water to form insoluble hydroxides. The reagents for precipitating this group 
are hydrogen sulfide, ammonium chloride, and ammonia. The ions in the group 
are: nickel ion, NY; cobalt ion, Cot; manganous ion, Mn’?*; ferrous and ferric 
ions, Fet and Fet; aluminum ion, Al’; chromic ion, Cr’; and zinc ion, Zn?*, 

Group IV—ions whose carbonates are difficultly soluble in water. The re- 
agents for precipitating the group are ammonium carbonate, ammonium elloride, 
and ammonia, The ions in the group are: barium jou, Ba^* ; strontium ion, Sr’t; 
calcium ion, Cat; and magnesium ion, Mg’*. Magnesium is sometimes included 
in the ions of Group V. 

Group W—ions whose chlorides, sulfides, carbonates, and phosphates are 
soluble in water, The ions comprising the group are: sodium ion, Nat; potassium 
ion, K^; and ammonium ion, NHT. 

The above classification is the one usually found in books on qualitative 
analysis. There have been attempts to separate the cations on the basis of differ- 
ences in solubility and stability of complex ions of the phosphates, citrates, and 
tartrates. However, such procedures have not been very successful, especially in 
the hands of inexperienced workers. 


ANIONS 


Group I—-ions whose calcium salts are insoluble in neutral solutions. The 
ious of this group are: carbonate ion, CO}; phosphate ion, PO{7; arsenate ion, 
AsO{” ; sulfite ion, SOs" ; and fluoride ion, F-. 

Group [I—ions whose calcium salts are soluble but whose barium salts are 
insoluble in neutral solutions containing 20% acetone by volume. The ions of this 
group are: sulfate ion, SO{7; sulfite ion, 8037; chromate ion, CrO?7; iodate ion, 
107; and bromate ion, BrO$3 (in high concentration). 

Group IIl—ions whose calcium and barium salts are soluble but whose cad- 
mium salts are insoluble in neutral solutions, The ions of this group are: sulfide 
ion, S7; ferricyanide ion, Fe(CN)$- ; and ferrocyanide ion, Te(CN). 

Group TV—ions whose calcium, barium, and cadmium salts aro soluble but 
whose nickel or silver salts are insoluble in solutions slightly acid with nitric acid. 
These ions are: cyanide ion, CN™ ; elloride ion, Cl7 ; bromide ion, Br7 ; iodide ion, 
I~; thiocyanate ion, SCN ; and thiosulfate ion, 8,037. 

Group V—ions whose calcium, barium, cadmium, nickel, and silver salts are 
soluble. These ions are: hypochlorite ion, CIO~ ; chlorate ion, ClOFS ; perchlorate 
ion, CIO, ; iodate ion, IOs ; bromate ion, BrO; ; borate ion, BOy or B,O27 ; nitrate 
ion, NO; and nitrite ion, NO;. 
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There are other ways of grouping the anions aud, in many cases, the group 
precipitations are supplemented by tests to establish the presence or absence of 
oxidizing or reducing agents, ete. 


Sampling, Preliminary Examination, and Preparation for Analysis 


The first: step in the analysis of a material is to obtain a truly representative 
sample (see “Sampling,” page 83). 

Much information is frequently obtained by making a preliminary examination 
of: 

(1) Physical properties such us hardness, color, density, homogencity, refractive 
index, and crystal form. 

(2) Chemical behavior. Tests that have been found very uscful in inorganic 
qualitative analysis are: 
(D Effect of heating the substance in à closed tube, 

(a) Tf the substance is unchanged, there are no organic substances, hydrates, readily fusible 
substances, or volatile matter present, 

(b) If the sample darkens without melting, the presence of copper or cobalt salts is indicated. 
Tf the sample is yellow when hot and white when cold, zine and lead oxides are indicated; reddish- 
brown when hot and pale-yellow when cold indicates bismuth compounds; brown when hot and yel- 
low when cold indicates tin (iclravalent) compounds; and brown when hot and cold indicates cad- 
mium compounds. 

(c) If the sumple melts williout giving off water, then halogenates, peroxides, or nitrates or 
oxides of the heavy metals may bo present, 

(1) If water condenses in the cool part of the tube, then hydrates, ammonium salts, hydrogen 
earbonates (bicarbonates) or other hydrogen salts, or unstable hydroxides are indicated. 

(c) Tf a gas is evolved that is odorless and supports combustion, it is probably oxygen formed by 
the decomposition of a peroxide, a peroxy salt, an oxide of a heavy metal, or a halogenate or nitrate of 
an alkali metal. Tf the gas is odorless and doos not support combustion, it may be carbon dioxide 
formed by the decomposition of 2 carbonate or bicarbonate. Tf the gas is colorless but has an odor, 
it may be sulfur dioxide, hydrogen sulfide, or ammonia; if it is colored and has an odor, it is probably 
nitrogen dioxide or n halogen. 

(f) Tf a sublimate is formed that is yellow, sulfur or arsenious sulfide is indicated. τι the sub- 
limate is black and nonmetallic, the substance is probably mercuric sulfide; if the vapors are purple, it 
is probably iodine or decomposable iodatcs. Tf the sublimate is while, wnmonium salts, mercurous or 
mereurie salts, or arsenious oxide is indiented. 

(II) Effect of heating the sample on charcoal in the flame of a blowtorch. 

(a) If the sample “decrepitates,” anhydrous crystalline substances are present. 

(b) Tf the charcoal buras, an oxidizing agent such as a nitrate or a halogenate is indicated. 

(c) If the sample melts and is adsorbed by charcoal, salts of alkali metals or some sults of 
alkaline earth metals are indicated, . 
(IIT) Effeet of heating on charcoal after molstening with a very dilute solution of cobalt nitrate, 
1f the residue is colored yellow-green, zine oxide is indicated; bluish-green, stannous oxide; dirty 
dark-green, antimonic oxide; blue, oxides of aluminum or silicon or a phosphate. 
(IV) Effect of warming the sample with concentrated sulfuric acid —this must be done with a small 
sample, If a colorless gas is evolved that does not fume in moist air, it is probably carbon dioxide, 
sulfur dioxide, hydrogen sulfide, or hydrocyanic acid; if the gas fumes, it is probably hydrogen chlo- 
ride. If the gas is colored and docs not fume, it is probably nitrogen dioxide, but, if it fumes, it is a 
mixture of hydrogen bromide and bromine, a mixture of hydrogen iodide and iodine, or chromyl 
chloride (CrO:Ch). 
(V) Colors imparted to a colorless flame when heated on a elean platinum wire. If the flame he- 
comes yellow, it indicates sodium; if violet and visible through a chrome-alum filter, it indicates 
potassium; if crimson, strontium or lithium; if brick red, caleium; and if green, barium, copper, or 
volatile compounds of boron. 
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(VI) Colors imparted to a borax bead. Tf the bead is yellow or brown, iron or nickel is present; if 
green, chromium; if blue, cobalt; and if violet, manganese. 


Spot Tests and Crystal Reactions (sec Microanalysis). In recent years spot 
tests and erystal reactions have been utilized to an increasing extent. Spot tests 
are made by placing a drop of the solution to be analyzed on a porcelain spot plate 
or on thick absorbent paper and adding a suitable amount of the reagent. Organic 
reagents are usually used because they form highly colored products. For some of 
the ions of the heavy metals, the reagents are specific; so the test can be made 
quickly and uccuratcly. Spot, tests are not very satisfactory, however, for the ions 
of the alkali and alkaline earth metals. Crystal reactions are carried out by placing 
a drop of the sample on a microscope slide and, while looking at the drop through a 
low-power microscope, adding a reagent that will form a crystalline precipitate 
recognizable by its characteristic form or appearance. These newer techniques 
supplement the older methods and one another; they do not supplant one another. 

Size of Sample. The sample to be used for an analysis may have a weight of 
approximately 0.5 gram, 0.15 gram, or 0.005 gram, aceording to whether niaero, 
semimicro, or micro analytical techniques are to be used. If a 0.5-gram sample is 
used, the precipitates are separated from the solution in the conventional way by 
using a funnel and filter paper or sometimes by using a Hirsch-type funnel and suc- 
tion. If the smaller samples are used, the precipitates are separated by using : 
centrifuge or by filtering through plugs of cotton or glass wool in tapered glass 
tubes having a diameter of approximately 0.5m. Suction or pressure may be used 
to speed up the process. 


PREPARATION OF SOLUTIONS 


Metallic Samples. The most commonly used solvent for a metallic substance 
is dilute nitric acid (1 volume water plus 1 volume concentrated acid). All of the 
common metals except antimony and tin dissolve in this reagent. These two metals 
form insoluble oxides that frequently can be dissolved by the addition of concen- 
trated hydrochloric acid. The solution is then ready to be analyzed for the cations. 

Nonmetallic Samples. The solubility of the finely divided sample is deter- 
mined in water, in dilute and concentrated nitric and’ hydrochloric acids, and also in 
mixtures of these concentrated and diluted acids. If the sample is dissolved by any 
of the above reagents, the cations of groups I-IV arc separated from the original 
anions, which may interfere with the cation analysis, by adding an excess of sodium 
carbonate to the previously neutralized acid solution of thesample. The precipitate 
is separated from the liquid in which it is suspended by (2) filtering through filter 
paper, cotton, or glass wool, or (2) centrifuging. The precipitate is dissolved in an 
appropriate acid and the solution is analyzed for the cations of groups I-IV. Gen- 
erally, tests for sodium, potassium, and ammonium ions are made on water extracts 
of a separate portion of the sample. The solution from the precipitate of the 
carbonate digestion is neutralized with acetic acid and analyzed for the anions. 
More detailed procedures for the preparation of solutions for analysis are given in 
standard books on qualitative analysis. 


Separation of Cations 


Law of Mass Action (sce Equilibrium, chemical). The separation of the groups from one another 
and of the ions within a group from each other involves either the precipitation of one or more diffi- 
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eultly soluble substances or their solutions in appropriate reagents. The Law of Mass Action (molee- 
ular concentration) and its corollaries, the rules for the precipitation and solution of diffieultls soluble 
substances, offer « theoretical explanation of the oporations. "he Law of Mass Action states that 
at a given temperature the speed of a chemical reaction is proportional to the effective molecular con- 
centrations of the substances each raised Lo the power numerically equal to the number of its formulas 
that appear in the balanced equation, rom this it can be shown that in a saturated solution of a 
(liffivultly soluble substance the produet of the molecular concentrations of the ions raised to the 
proper powers is a constant for a given temperature. 

For example, with silver carbonate, the balanced equation showing the equilibrium between 
solid silver earbon:ute and the silver and earbonate iuns is: 





AgsC Os (solid) 





2 Agt + CO} 


According (o the Law of Mass Action, the concentration of the silver ion squared [Agrt ]? multiplied 
by the concentration of the earhonate ion | CO 7] is constant at a given temperature. The constant is 


called the solubility product or ion-product constant and may be written SPag.co, OF Kip, Agatos 
The expression is written: 


SPanvoa = Αα] [σος] 


where [Agt] and [CO%” ] indicate the number of formula weights of silver and carbonate ions, respec- 
tively, in a liter of the solution. The values of the solubility products of most difficultly soluble sub- 
stances can be found in appropriate reference hooks. From the expression for the solubility product 
ofa diMfcultly soluble substance, the rules for the precipitation and solution of a diffieultly soluble sub- 
stance can be deduced. Thus, tao solutions may be mixed, one of which contains a known concen- 
tration of silver ions and the other of carbonate ions. If the product ({Ag* PICO} ]) is leas than 
the S P Ag, co, 16 the temperature given, the solution is unsaturated and silver carbonate added to the 
solution will dissolve. Tf the product is equal to the value of the solubility product, the solution is 
saturated ancl no silver carbonate added to the solution will dissolve. However, if the product is 
greater than the solubility product, the solution is supersaturated and in general will break down into 
a saturated solution and a precipitate of excess solute, — From these considerations it follows that a. 
difficultly soluble substance will dissolve if the product of the concentrations of the iong raised to the 
proper powers is reduced below the value of the solubility product. Tor example, a precipitate of 
silver carbonate suspended in water will dissolve if the produet ([Ag*]?[CO$7]) is reduced. to a 
value less than the SP ΜΉΝ This can. he brought ahout by reducing the [Agt] by adding a sub- 
stance such as cyanide ions or ammonia that will renet with ihe silver ions to form the little-ionized 
complex ions Ag(CN) ; oe (AgNIT;);. Alternatively it may be brought about by adding a reagent 
(such as the hydrontum ion, H30*) thut will reduce the [CO7] by reacting with the earbonate ions 
to form hiearbonate ions or the unstable earbonie acid, which breaks down to form carbon dioxide 
und oxygen. 


Group I (Pb^*, Hg?*, and Ag*) precipitated as chlorides. Hydrochlorie acid 
is the reagent used since it 1s an excellent source of chloride ion formed by the reac- 
tion: 

ΠΟΙ͂ + H0 ———— H;O+ + Gr 


Furthermore, the addition of hydrochloric acid to a solution that is to be tested for 
the ions of the g groups does not contaminate the solution with an ion for which tests 
are to he made later. An excess of chloride ion is to be avoided since silver chloride 
dissolves when the concentration of chloride ion is greater than 2 N because of the 
formation of the complex silver chloride ion according to the equation: 





AgGl 4- Cl- ———— AgCly 


The precipitate is extracted with hot water to dissolve the lead chloride and with 
ammonia to dissolve the silver chloride, leaving the mercury in the residue ag & 
black mixture of metallic mercury and mercuric amidochloride, He(NH,)Cl, 
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Group WI. (A, Pb**, Bi*^, Cu**, and Cd** ; B, Hg'*, As'*, AsO1 ^, Bb^*, SbOT", 
SbClz , Sn**, and SnCI2-) precipitated as sulfides, Hydrogen sulfide is passed into 
the solution, which is 0.3 N with respect to hydrochloric acid. Frequently to ensure 
the rapid precipitation of pentavalent arsenic, iodide ion is added. The function 
of the iodide is to reduce the pentavalent arsenic to the trivalent condition since the 
latter is much more readily precipitated as a sulfide than the former. The sulfides of 
subdivision A may be separated from those of subdivision B by extracting the pre- 
cipitated sulfides with a solution of sodium hydrosulfide and sodium sulfide contain- 
ing a little polysulfide. The sulfides of lead, bismuth, copper, and cadminm remain 
unchanged while those of mercury, arsenic, antimony, and tin form complex thio 
ions in which these elements have their higher valence numbers. ‘The sulfides of 
subdivision A are dissolved by a hot mixture of hydrochlorie and nitrie acids. Most 
of the acid is evaporated, the residue is diluted with water, and sulfuric acid is added 
to precipitate white lead sulfate. To this solution, which may contain bismuth, 
cupric, and cadmium ions, a slight excess of amomnia is added to precipitate hy- 
drated bismuth hydroxide and to change copper and cadmium ions to the complex 
ammonioions. The blue tetramminccopper(IT) ion, (Cu(NH3),]**, is changed to the 
colorless stable eyanocuprate(D, [Cu(CN)e]~, by adding a solution of potassium 
cyanide. The cadmium is then precipitated with hydrogen sulfide. 

The solution containing the complex thio anious of the ious of subdivision B 
(thiomercurate ion, thioarsenate ion, thioantimonate ion, and thiostannate ion) is 
acidified with dilute hydrochloric acid to precipitate the sulfides of mercury, arsenic, 
antimony, and tin in their higher oxidation states, to ether with some sulfur from 
the decomposition of polysulfides in the sodium hydrosulfide reagent. The pre- 
cipitate is warmed with concentrated hydrochloric acid to convert the antimony and 
tin to the chloroantimonite and chlorostannate ions. The residue is treated with 
ammonia to remove the arsenic as tetrathioarsenate ions (and other ions in which 
sulfur has partially replaced oxygen in the arsenate ions), The final residue is 
heated with hydrochloric acid and a minimum of concentrated nitric acid to change 
the mercury to the soluble chloromercurate ion. 

To separate the antimony and tin, aluminum or iron is added to the hydrochloric 
acid solution to reduce any chloro anions of antimony to black metallic antimony, 
which can be filtered from the solution containing the chlorostannite ion. 

Group III (Ni**, Cot, Mnt, Fet, Fet, APT, Ci?*, and Zn?*) precipitated 
as sulfides and hydroxides. A higher concentration of sulfide ion is required than for 
the precipitation of the sulfides of group II; hence the precipitation with hydrogen 
sulfide is carried out in the presence of a base, usually ammonia. The action of the 
ammonia in increasing the concentration of the sulfide ion is shown by the equation: 


HS +2NH, === 2 NEY +8 





The ammonia also reacts with the "cation acids" (proton donors, see Acid-base 
systems) [AME40)s]** and [Cr(H30)4]** , forming hydrated aluminum and chromium 
hydroxides. A strong base, sodium hydroxide for example, cannot he used because 
hydrated magnesium hydroxide would be partly precipitated in group III. 

The precipitated sulfidos and hydroxides of group III are treated with LAN 
hydrochloric acid to dissolve all except cobalt and nickel sulfides, These sulfides are 
dissolved in hydrochloric acid to which a little oxidizing agent, usually nitric acid, is 
added. The sulfur is removed and the solution, which may contain nickel and co- 
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balt as Ni^* nnd CoCli7, is boiled to remove ally excess oxidizing agent and is 
divided into two portions to be tested individually for cobalt and nickel. 

The solution that may contain the ions of zine, iron (ferrous), manganese (ous), 
aluminum, and chromium (ic) is boiled to remove hydrogen sulfide, a drop of nitric 
acid is added to oxidize the ferrous iron, and then an excess of ammonia and ammo- 
nium carbonate is added. Iron (ferric), aluminum, and chromium are precipitated 
as hydrated hydroxides, and manganese as the carbonate, leaving the zine in the 
solution as the tctramminezine ion. 

The precipitate of hydrated aluminum, chromium, and ferric hydroxides and 
manganese carbonate is dissolved in a minimum of hydrochloric acid. An excess of 
sodium hydroxide is added to change the corresponding ions to hydrated ferric and 
manganese hydroxides, hydrated aluminate ions, [Al(OH),(H.0).|~, and hydrated 
chromite ions, [Cr(OH),42O).|~. A slight excess of hydrogen. peroxide is then added’ 
to oxidize the manganese to hydrated manganese dioxide, MnO(OH),, chicfly, and 
the ehromium to the chromate ion, CrO?7, 

Manganese and iron are tested for in the precipitate by adding sulfurie acid to 
dissolve the iron and most of the manganese, and then adding sodium bromate to 
oxidize the dissolved manganese to manganese dioxide, which precipitates. The 
filtrate is tested for iron. 

‘The solution that may contain hydrated aluminate ions and chromate ions is 
boiled to decompose any hydrogen peroxide present and acidified with nitric acid 
to change the ahuninate ions to aluminum ions and the chromate to dichromate 
ions. When an excess of ammonia is added, hydrated aluminum hydroxide pre- 
cipitates aud the dichromate is changed to a chromate. 

If phosphates, borates, and oxalates are present, along with the ious of group 
IV, their correspoudiug insoluble salts will precipitate when the solution is made 
alkaline with mnmonia to precipitate group III and hence these cations would not be 
detected in the analysis of group IV. An appropriate reference book should be con- 
sulted for modifications of the procedures under these eonditions. 

Group IV (Ba't, Sr’t, and Ca’*) precipitated as carbonates. These ions are 
precipitated as carbonates by a reagent consisting of ammonium chloride, ammonia, 
and ammonium carbonate containing a low concentration of carbonate ion. The 
purpose of the ammonium chloride and ammonia is to regulate tle concentration of 
carbonate ion: l 


ΝΗ -- CON pomt NE; -+ HCO; 





The expression for the equilibrium constant for the reaction is: 


g = NE [HCO;] 
[NEL¥][COB™] 

and the [CO27 ] is determined by the ratio [NH3]/[NHY]. Hence the greater the 
ratio the larger is the [CQ}7]. If the ratio is too large, magnesium carbonate will 
precipitate. If the ratio is too small, barium and calcium carbonates will be precipi- 
tated incompletely. Furthermore, the reaction between the cation acid, Mg- 
(H.0)§*, and the base ammonia to form hydrated magnesium hydroxide, [Mg- 
(OH) 2(H20),], will take place if the ratio [NHy]/[NHT ]is too large: 








Mg(H,0)8* -- 2 NEL [Mg(OH).(H,0).) + 2NHf 
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'T'o obtain the proper [NH 1] the filtrate from group ITT is evaporated to dryness and 
ignited to remove the ammonium salts. The residue is moistened with concentrated 
hydrochloric acid, and about ten times the volume of wateris added. After making 
the solution distinctly alkaline to litmus, s slight excess of ammonium carbonate is 
added, The precipitate is dissolved in acetic acid and, after the uddition of same 
ammonium acetate, potassium chromate is added to precipitate the barium as 
barum chromate. The acetic acid, buffered with acetate ion from the ammonium 
acetate, supplies the hydronium ion that regulates the [Οτο 11 
21LO* -4- 2 CrOj- z——— 3 FE,O -F Cr40f7 





If the [CrO?7] is too high, strontium may he precipitated as the chromate; if it is 
too low, the barium will not all be precipitated and will interfere with the test for 
strontinm. The solution from the precipitate of barium chromate is tested for 
strontium by adding sufficient ammonia to change the orange color of the solution to 
yellow to ensure a high concentration of chromate ion, and enough aleohol is added 
to double the volume of the solution. Yellow strontium chromate precipitates, and 
the solution is tested for ealcinm. 

Group V (Nat, K*, NHj, and Mg’t). Special ‘Tests. A small sample of 
the solution from the carbonate precipitate, which may contain magnesium, am- 
monium, sodium, and potassium ions, is tested for sodium hy adding zinc uranyl 
acetate. A yellow precipitate consisting of plates proves the presence of sodium. 
The presence of magnesium iu the large portion of the solutiou is established by 
adding a slight excess of ammonia and diammonium hydrogen phosphate. A white 
precipitate that forms slowly is probably magnesium ammonium phosphate. 

The solution that may contain sodium, ammonium, and potassium ions is 
evaporated to dryness and ignited to remove ammonium salts, which would interfere 
with the tests for potassium ion. The residue is cooled, a little hydrochloric acid is 
added, then water and sodium acetate are added to reduce the acidity. The 
formation of a yellow precipitate of K3Na[Co(NO)s] on adding a solution of sodium 
cobaltinitrite proves the presence of potassium. 

The ammonium ion must be detected in a separate portion of the unknown 
before any ammonium compounds have heen added. 


Analysis of Anions 


The systematic procedure for the analysis of anions is not as clean-cut as is 
that for the analysis of cations. However, if a semimicro technique is used, the 
system outlined is quite satisfactory. 

Acetates are used as precipitating agents because they are uot detected in the 
scheme used and because they act as buffers. Because many of the anions are 
oxidizing or reducing agents but react slowly in neutral or alkaline solutions, it is 
important that ihe solutions be maintained neutral or alkaline to avoid a rapid 
reaction between the oxidizing and reducing anions in the sample. Such a reaction 
would reduce the concentrations of these anions and form ions that were not origi- 
nally present in the sample. 

Group I (CO;~, POT", AsOT^, SOT", and F^) anions form calcium salts that are 
insoluble in neutral solution. Calcium sulfite precipitates in group I only if there is 
approximately 0.8 mg, present in 1 ml. of the solution. The presence of a carbonate 
and sulfite is established by determining the composition of the gases evolved when 
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the precipitate of the calcium salts is acidified with acetic acid. The presence of 
sulfur dioxide in the gases is established by noticing whether or not, a colored oxidiz- 
ing agent, permanganate or ferricyanide in an acid solution, is reduced. If the gas 
that passes through the solution of the oxidizing agent causes the formation of a 
white precipitate of barium carbonate in a solution of barium hydroxide, then a 
carbonate is present. The insoluble material, after treating the precipitate with 
acetic acid, is tested for fluoride ions by treating the dry residue with concentrated 
sulfuric acid and a little silicon dioxide to produce silicon tetrafluoride, which is 
detected by its hydrolysis to silicic acid. A Gutzeit or Marsh test is made on the 
solution from the fluoride test to establish the presence or absence of an arsenate (sce 
Arsenic); phosphate is detected by adding a nitric acid solution of ammonium 
molybdate to the solution used in the Marsh test. 

Group II (50417, 9037, CrOi~ and IOF) anions form soluble calcium salts but 
their barium salts are insoluble in neutral solutions containing 20% of acetone. Itis 
convenient to precipitate traces of sulfite not removed with group I, sulfate, and 
usually a small amount of the chromate ion by the addition of strontium acetate. 
Any chromate precipitated is removed by extraction with hot water. The residue 
is dissolved in a little hydrochloric acid, and barium chloride is added to precipitate 
the sulfate ion. <A test for a reducing agent establishes the presence or absence of a 
sulfite. 

The chromate ion is detected by the formation of a yellow precipitate of lead 
chromate after adding lead acetate. 

The chromate and iodate are precipitated by the addition of barium acetate and 
acetone. The precipitate is dissolved in hydrochloric acid and the chromate and io- 
date ions are reduced to the ehromic aud iodide ions by the addition of sulfurous acid. 
The chromic ion is precipitated as the hydrated hydroxide by a slight excess of am- 
monia, and, after acidifying the solution, the iodide ion is oxidized to iodine by ferric 
ions. Only high concentrations of ferrocyanide, bromate, and thiosulfate ions will 
interfere. 

Group TIL (S?-, Fe(CN)i7, and Fe(CN)37) anions are precipitated as their cad- 
mium salts by the addition of cadmium acetate, Cadmium ferricyanide is the most 
soluble of the three cadmium salts and dissolves in 3 N ammonia. On acidifying the 
solution and adding a freshly prepared solution of a ferrous salt, ferrous ferricyanide 
is precipitated and is proof of the presence of the ferricyanide ion. 

The residue of cadmium sulfide and ferrocyanide is treated with 3 N hydro- 
chioric acid and warmed. Cadmium sulfide reacts with the acid, forming hydrogen 
sulfide, which may be detected by exposing the gases to paper moistened with lead 
acetate. The presence of the ferroeyanide ion is established by the formation of a 
blue precipitate of ferric ferrocyanide on the addition of ferric ions. 

Group IV (CN-, Cl-, Br-, I~, 8CN-7, and 8057) anions, with the exception 
of the thiosulfate ion, behave analogously to the halide ions. It is convenient to 
precipitate the cyanide ion as nickel cyanide before precipitating the other ions in the 
group with silverion. The nickel cyanide is dissolved in ammonia and the cyanide 
ion changed to the thiocyanate ion by polysulfide ion from yellow ammonium 
sulfide. ‘The presence of thiocyanate ion is proved by a red color after acidifying the 
solution, removing the hydrogen sulfide, and adding ferric ions. A small sample of 
the solution coutaining the other ions of group IV is tested for the thiocyanate ion by 
adding ferric ion. Silver ion is added to the remainder of the solution to precipitate 
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the silver salts, then the mixture is acidified with nitric acid and heated to dissolve 
some of the more soluble silver salts of the anions of group V. A light-colored pre- 
cipitate that changes to a dark or eream color (depending on the amount of light- 
colored precipitate of silver salts) proves the presence of thiosulfate ions. The 
change in color is duc to the decomposition of silver thiosulfate. 

The silver salts are treated with ammonia and ammonium sulfide to precipitate 
silver sulfide. If the solution from the silver sulfide does not contain thiocyanate 
ion, iodide, bromide, and chloride ions may he tested for by selectively oxidizing the 
iodide ion to iodine by ferrie ions in the preseuce of nitrie acid and, establishing the 
presence of iodine by extracting with carbon tetrachloride, The bromide ion is 
detected by oxidation to bromine with a stronger oxidizing agent, such as a nitric 
acid solution of a permanganate. The chloride ion is then precipitated as silver 
chloride. If the thiocyanate ion is present, it must be destroyed or removed before 
reliable tests can be made for the bromide ion. 

Group V (ClO-, CO7, CIOT, 1Ος, Ῥνου, BOF, B077, NOF, and NOF). 
Special Tests. The brown-ring test is used to detect the nitrate ion. Todide, 
bromide, oxyhalogen, ferro- and ferricyanide, thiocyanate, and nitrite ions interfere 
and, with the exception of the nitrite ion, are removed by treating with silver 
sulfate. ‘The nitrite ion is reduced to nitrogen by boiling with ammonium ion or 
urea, The nitrite ion may be tested for, after removing other ions that interfere 
with the nitrate test, by the oxidation of urea to form nitrogen, or liy the formation 
of the brown FeNO** complex when ferrous ions and acetic acid are added. Ions of 
boron are detected by the green color that volatile compounds of boron, methyl 
borate, or boron fluoride, for example, impart to a flame. The hypochlorite ion is 
detected by adding lead acetate to oxidize the lead to lead dioxide. If a hypochlo- 
rite is present, it must bc reduced and the chloride ion be precipitated before the 
halogenate ious are reduced. This may be done in an alkaline solution hy the 
addition of hydrogen peroxide. The halogenate ions (chlorate, bromate, aud iodate 
ions) are then reduced to halide ions by sulfurous acid, and appropriate tests are 
made for chloride, bromide, and iodide ions, The solution from the precipitate of 
the silver halides contains the perchlorate ion, which is not reduced by sulfurous 
acid. The solution is evaporated to dryness, and, alter adding a mixture of sodium 
and potassium carbonates, is ignited to change the perchlorate to a chloride. The 
presence of a chloride in the solution of the residue proves the presence of a per- 
chlorate in the sample. 
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G. B. Herse 


B. QUANTITATIVE 


The chemist of today has at his disposal an imposing array of analytical tech- 
niques to cope with the increasing variety of problems confronting him, whether he is 
working in the field of pure or applied science. In the evolution of analytical methods, 
the line of ascent has been from the chemical (gravimetric and volumetrie analyses) 
through the physicochemical to the physical. The old methods have not, however, 
disappeared from the scene; they continue to be indispensable in their proper sphere. 
While it is true that the newer methods have to some extent replaced the older ones, 
on the whole they supplement them, The wealth of instrumental methods now 
available may tend to create the impression that chemical analysis has become easy 
and that every manner of determination ean now be earried out rapidly and without 
difficulty. This is far vom being the case. All methods have their limitations, and 
their disadvantages as well as advantages must be realized. Many of the physico- 
chemical methods are of relatively low precision and cannot be used for the accurate 
determination of the major constituents of & sample. We still have need of the 
analytical chemistry of the old masters, of the sound methods of classical chemical 
analysis. In this connection some observations made by G. E. F'. Lundell (Proc. 
Am. Soc. Testing Materials, 42, 34, 1942) are pertinent: 


e... Today, very few analyses are made by those who need them, and many who need analyses 
have but Little knowledge of the diflicullies that may be involved, the labor that must be expended, or 
the results that cuu rightfully be expected. 

"In the industrial field, a contributing factor to the present-day misconception of chemical 
analysis cnn be traced to bhe courses in so-called chemical analysis that nust be takeu by engineering 
students in many of our colleges and universities, Many of these students later employ analysts, 
The courses necessarily deal with chemical determinations that are so simple that they do not de- 
serve the label ‘chemical analysis’ at all, and leave the student with an entirely crroneous conception 
of what chemical analysis, particularly applicd chemical analysis, is like.... The operations of 
chemical analysis may be divided into those that make the determination possible, and those that 
attend the delermination itself. "What is not generally understood is that in applied analysis the 
former are often by far the most important. The relation of the analysis to the determination might 
be compared with that between the art of fishing and the measurement of the fish. The catching of 
the fish may be quite difficult and require considerable planning and patience. On the other hand, 
almost anyone can measure or weigh the fish after it has been caught. 

“Tn the schools, a contributing factor in the divorce of chemical determinations from chemical 
analysis was a swing from the applied toward the theoretical aspects of analytical chemistry which 
took plase toward the close of the last century. In this, the cart was put before the horse, the 
determination was elected to pull the analysis instead of the analysis te pull the determination. This 
left such illustrious analysts as Hillebrand in the category of ‘cook-book’ chemists, and attempted to 
substitute a strange hybrid disporting in a field of his own making, a field that was chiefly physical 
chemistry, and thet ignored inorganic chemistry, which is the proving ground of analytical chemistry. 
The chemist who was working in the field of applied analysis was told he was using primitive methods 
and uncalibrated tools, and was given a map of the promised land free from the weeds of ignorance 
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and ripe for tilling. Some have never come back to the old homestead, some have returned with a 
sigh of relief, and all agree that it was an ‘experience.’ ” 


In the following survey of analytical methods, only some of the salient features 
of each can be mentioned; further information must be sought in the works cited in 


the bibliography. 


Chemical Methods 


These are distinguished from others by being ideally based on a stoichiometric 
reaction: aC + bR. —> C,R). There are evidently (wo possibilities in applying 
such a reaction in the determination of C. 

(1) An excess of Ris added and the weight of CgRo is found; from this the 
weight of C ean be calculated, since the ratio a@C/CaRe is known from the atomic 
weights. This is gravimetric analysis. For example, chlorine as chloride can be 
determined gravimetrically by adding an excess of silver uitrate to the solution of 
the sample, filtering off the silver chloride precipitate, washing it to remove soluble 
substances, drying, and finally weighing the residue. The weight of the dry pre- 
cipitate multiplied by the chemical factor (also called the gravimetric factor) Cl/ 
AgCl gives the weight of the chlorine (chloride ion). Usually the analyst wishes to 
find the weight percentage of chlorine in his sample, and then he makes use of the 
following expression: 


Ἂ T 

(GV/AgC) X w x 100 = weight perecntage 
Ww 

‘where w is the weight of the silver chloride, and W is the weight of the original sam- 
ple. The weighing form need not be the same as the preeipitation form. For ex- 
ample, in the determination of iron, ammonium hydroxide is added to precipitate 
ferric hydroxide, a very slightly soluble substance. The latter cannot be weighed 
because of its indefinite composition; it is therefore converted into ferric oxide by 
strong heating (ignition) and weighed as such. In this ease the chemical factor for 
finding iron is 2Fe/I'e30,. ; 

(2) The weight of R required to convert C into C,Tu is found. ER is added in 
the form of a solution of known concentration, and the weight of R is obtained from 
the volume or the weight of the solution needed to reach the stoichiometric point. 
This is éérimetric analysis, usually called volumetric analysis because it is the volume 
of the standard sohition that is gencrally measured. For example, chloride can be 
determined by adding silver nitrate solution of known, concentration (standard 
solution) to the sample solution until all of the chloride has been precipitated, as 
shown by the volor change of a suitable ‘indicator.’ from the known volume and 
strength of the silver nitrate solution, the weight of chlorine is readily calculated. 
It is usually best to express the concentration of the standard solution in terms of 
“normality,” the number of gram-equivalents of the reagent in one liter of the solu- 
tion. We then have the following general expression for calculating the weight 
percentage of chlorine: 


VX NX (C1/1000) x 100 x 100 
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where V is the volume (in ml.) of silver nitrate solution required to reach the 
equivalence point, N the normality of the silver nitrate solution, and Cl/1000 is the 
“milliequivalent value” of chlorine, that is the weight of chlorine with which 1 ml. 
of 1.0 N standard solution will react. The normality of the silver nitrate solution 
used is found by "standardization," which is simply a titration of a known amount 
of some pure chloride with the solution being standardized. 

As a variant of (/), the weight of the product can be obtained from its volume 
if itis a gas. This is gesometric analysis. In gas analysis the sample is gaseous, and 
its components are usually determined by finding the changes in volume that occur 
when they are mado to react stoichiometrically with selective reagents. 

An important characteristic of chemical methods is the high precision and accu- 
racy of many of them. Under the most favorable conditions the error may not cx- 
ceed 1 part in 100,000. In ordinary chemical analysis we strive to keep the error 
within 1 part per 1000. This accuracy may not be attainable in the analysis of com- 
plex materials. 

A distinction must be made between accuracy and precision. A result is accurate if it differs but 
little from the true value. Precision expresses the reproducibility of the results. A series of measure- 
ments differing but little among themselves are said to be precise, There might, however, be a large 
constant error in auch a series of values, that is, they might not be accurate. The absolute error of a 
measurement is dofined as Καὶ = O—7', where O and T are the observed and true values respectively. 
Usually we are less interested in the absolute error than in the relative error, The latter may be ex- 
pressedin per cent: (E/T) X 100, or in parts per thousand: (E/T) X 1000. Precision may be ex- 
pressed by stating the average deviation of the results from the mean value. 


GRAVIMETRIC ANALYSIS 

It, is sale to say that whatever advances may be made in the field of analysis in 
the future, gravimetric determinations will continue to be performed. For most 
of the clements below atomic number 22 (titanium), there are no good, direct, 
volumetric methods (hydrogen as hydrogen ion, boron, fluorine, and chlorine are 
exceptions). Talements such as sodium, magnesium, aluminum, silicon, and potas- 
sium are almost always determined gravimetrically in precise work. The need for 
gravimetrie methods thus makes itself strongly felt in the analysis of many common 
materials that are in large part composed of these abundant elements in the earth’s 
crust. In the analysis of complex materials it is necessary to make separations, 
and in the course of these the opportunity of determining the constituents consecu- 
tively is presented. Even if volumetrice methods were available, they would have no 
particular advantage in such serial determinations in most cases. Compared to 
other techniques, the gravimetric is slow, but it has compensating features. The 
accuracy ns a rule js good. The weighed residue can often be tested for impurities, 
and a cheek thus obtained on the accuracy of the determination. In microanalysis 
(q-v.) the saving ol sample that is made possible by determining a number of con- 
stituents gravimetrically in the same sample is an important or even a decisive factor. 

Most gravimetric methods are based. on the formation of slightly soluble sub- 
stances. Precipitation may be brought about by electrolysis as well as by the use of 
chemical reagents. Hlectroanalysis is an important branch of chemical analysis: 
by varying the applied e.m.f. and making use of complex-forming agents to alter the 
eoneentration of metal ions in a solution, various separations of elements can be 
mado. 

Two factors of paramount importance in gravimetric analysis are specificity of 
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precipitation and purity of precipitates. In faet, these may be said to be the only 
important concerns of the analyst in this field. Other factors involved, such as the 
solubility of a precipitate and ifs conversion into the weighing form, can as a general 
rule be kept under good control and are seldom the cause of significant errors. It is 
uot surprising, therefore, that special attention has been paid in recent years to 
means of obtaining precipitates free from insoluble and soluble foreign substances, 

Inorganic Reagents. Preeipitants such as ammonium hydroxide and hydrogen 
sulfide have been used since the earliest days of chemical analysis. They are valu- 
able in separations, especially of groups of elements, aid they are also used for the final 
precipitation of a metal. Vor example, in the absence of other precipitable ele- 
ments, aluminum ean be precipitated as the hydroxide by ammonium hydroxide and 
weighed us the oxide after ignition, Some degree of selectivity can, be obtained with 
these reagents by regulation of the hydrogen-ion concentration, the use of eomplex- 
forming substances, und occasionally hy oxidation or reduction of one or more of the 
elements present, As an example of the application of complex formation, we may 
take the separation of iron from aluminum, titsuium, and a iuimber of other metals. 
Tf a solution of these metals is treated with tartaric acid and then an excess of am- 
monia, there will be no precipitation of the hydroxides beenuse of the formation of 
stable tartrate complexes. When hydrogen sulfide is passed into the solution, iron 
is precipitated as sulfide, whereas the other metals remain in solution. Inorganie 
reagents are also important in volumetrie analysis, in whieh they are used to prepare 
most of the standard solutions, 

Organic Precipitants. It is not likely that the time will come when, for every 
element, we will have a special reagent that will precipitate it and uo others. How- 
ever, even if unattaiuable, this ideal is approachable for some clements at least. 
Most of the organic precipitants for metal ions may be divided into those that form 
heteropolar salts, and those that form internal complex compounds. In the first 
class are organic compounds containing groups with replaceable hydrogen atoms 
(—COOH, —80,H, —SH,-—NH, ete.) but no other functional groups. A precipi- 
tant of this type, long used, is oxalic acid. Arsonie acids, RASO(OIDs, provide 
another example. They yield slightly sohible sults with the metals of the fourth 
periodic group. Thus n-propylarsonie acid (propanearsonte acid), n-CaETzARO (OH, 
is almost a specifie reagent for zireouium; it does not precipitate titanium and thorium, 
but does precipitate tin. . 

In the second elass we have organie compounds that, in addition to a replaceable 
hydrogen, contain another functional group. (—NEL, —N-—, 20, ==NOH, ete.) 
with which the metal is coordinated to form a five- or six-membered ring. The 
majority of organic reagents fall in this class. The compounds formed with metal 
ions are, as a rule, slightly soluble iu water, stable, of definite composition, and often 
colored. Sometimes rengents of this type will react with a limited uumber of 
metals, and are then called. seleetive, but others show little teudeney to be specific. 
(Strictly speaking, a specific reagent is one that gives a characteristie reaction with 
a single metal or other substance.) One of the first reagents of this kind to be dis- 
covered was dimethylglyoxime (Chugaeyv, 1905), which has never been excelled as a 
near-specifie reagent. With nickel ions in neutral or basie solution it forms a 
slightly soluble, red internal complex shown in formula I. Other bivalent metals 
such as cobalt and iron also give complexes, but they ave soluble. Palladium yields 
a complex salt insoluble in dilute mineral acids. ' 
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8 Hydroryquinoline precipitates many metal ions. The general formula for 
the complex salt formed with bivalent ions is shown in formula Il. By varying 
the hydrogen-ion concentration, ancl to some extent by making use of complex forma- 
tion wilh inorganic subsiances, various interesting separations can be made. 

Cupferron (the ammonium salt of phenylnitrosohydvoxylamine), C;H;N(NO)- 
ONH,, is an important seleetive precipitant. In strongly acid medhun it precipi- 
tates fevrie ivon, titanium, zireouium, pentavalent, vanadium, tetravalent tin, and à 
few of the rarer metals, and makes possible a separation of these from most of the 
other elementa, 

In some instances the metal complex serves ns a weighing form as well as a 
separation form for the metal. Nickel ean be weighed as the dimethylelyoxime 
compound, and muy metals as the S-hydroxyquinoline derivatives after drying at a 
low temperature, Since the poreeutage of the metal in the organie complex is often 
low, only τν small amount of the metal gives a convenicntly weighable precipitate ; 
the fillorabili€y of the precipitate is good, and the compound is easily prepared for 
weighing. Some melal eomplexes, however, cannot be used as weighing forms be- 
eause they may be contammated by the reagent (frequently only slightly soluble in 
aqueous solutions) or they may decompose on drying. Thus the “eupferrates” can- 
not be weighed as sneh but must be converted into the melal oxides, 

The following organi¢ reagents, which, in addition to those referred to above, 
are of special importance, may be mentioned: @-nitroso-6-naphthol (cobalt), 
benzoin e-oxime (Qnolybdenum and copper), salieylaldoxime (various bivalent 
metals), tetraphenylarsonium chloride (mercury, cadmium, zinc, tetravalent tin, 
and various anious), dipierylunine (potassium), pierolonie aeid. (ealeium, lead, aud 
thorium), thionalide or thioglycolic Beaminonaphthalide (many of the metals of the 
hydrogen sulfide group), and tannin (tantalum, columbium, zirconium, aud others). 

The use of organic reagents is not confined to gravimetric methods. They are 
very important in colorimetric anulysis (sec page 880) as well as in qualitative analy- 
sis by spot reactions. 

Electrodeposition. Many metals can he determined by clectrodeposition in 
the elemental state, and rarely as a compound (for example, lead dioxide). If only 
one depositable metal is present the proceedure is simple. The hydrogen-ion con- 
centration of the solution is adjusted to the proper valne, and the metal is plated 
out on a platinmn cathode by the unpression of a suitable em.f. The solution is 
stirred, for example by rotating the anode, to hasten deposition. To assure the 
formation of a smooth, adherent deposit the current density must not be too high. 
If several metals are present, it may he possible to plate out} one without simul- 
(aneous deposition of the others by careful contrel of the cathode potential, or by 
making use of complex formatiou. For example, silver can be determined iu the 
presence ol copper by carrying out the electrolysis in a cyanide medium, 

Purity of Precipitates. The carly analysts did not realize that a precipitate 
could be contaminated by soluble substances as well as by insoluble ones. In de- 
termining atone weights in ‘the last century, it was not unusual to add the metal 
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chloride 1n solid form to the solution of silver nitrate, with the result that the metal 
chloride was adsorbed on the silver chloride. The difficulty of obtaining good results 
in the determination of sulfur by precipitation as barium sulfate turned the attention 
of analysts to the problem presented by the tendency of many precipitates to carry 
down substances normally soluble under the couditions of the precipitation. This 
phenomenon is generally called coprecipitation, and has been extensively studied by 
Kolthoff and his students. Coprecipitation is the result of adsorption. The foreign 
substance finds its way into the interior of the particles of the precipitate. Thus 
when barium chloride solution is added to a solution containmg calcium and sulfate 
ions, the barium sulfate precipitated strongly adsorbs sulfate ions as a consequence of 
its tendency to build up its lattice. The negatively charged crystals attract positive 
ions, in this case calcium ions. The extent to which the foreign cation is anchored to 
the surface is largely determined by the solubility of its sulfate, but other factors, such 
as its ionic size, valence, and hydration, play a role. Thus a move or less continuous 
layer of calcium sulfate is formed over the surface of the barium sulfate particles. 
If the growth of the barium sulfate crystals was extremely slow, the calcium ions on 
the surface would be replaced to a large extent by the incoming barium ions. Actually 
the crystal growth is very rapid, equilibrium is not attained, and some of the calcium 
sulfate becomes buried under freshly deposited layers of barium sulfate. In this way 
adsorption of calcium sulfate leads to its occlusion. If the foreign salt and the pre- 
cipitate form mixed crystals, there is un actual replacement of the host cation (anion) 
by the foreign cation (anion) of about the same size in the crystal lattice. However, 
such replacement is not a necessary condition for the occurrence of occlusion. 

The difficulties of the analyst are caused mostly by foreign material in the in- 
terior of the grains of precipitates. When the particle size is very small, that is, in 
the colloidal range, the adsorbed material on the surface of the final particles may 
amount to a considerable fraction of the total weight of the precipitate. It is-a 
fortunate fact that the colloidal precipitate of silver chloride shows little tendency to 
retain foreign substances when properly precipitated and aged, for otherwise the 
accuracy of the atomic weights of most of the elements determined by the chemical 
method would be placed in jeopardy. Most precipitates, when allowed to remain in 
contact with the solution from which they were precipitated, lose more or less of the 
coprecipitated substance, especially when the digestion is carried out at or near the 
boiling point. This purification is the result of recrystallization of the particles, 
and the processes involved have been studied in some detail (see summaries in 
modern texthooks of quantitative analysis). Studies in coprecipitation and the 
aging of precipitates have shown how some gravimetric procedures can be improved; 
in other cases they have at least shown why improvement is not possible. . Double 
precipitation—that is, precipitation followed by solution and reprecipitation—pro- 
vides the best way of obtaining a virtually pure precipitate, and fortunately, it is 
usually applicable. When it cannot be applied, as with barium sulfate, it is often 
difficult, if not impossible, to obtain a precipitate sufficiently pure to meet present- 
day standards of accuracy. 


VOLUMETRIC ANALYSIS 


This branch of analysis had its beginnings in titration, that is, the determination 
of the strength (concentration) of acid and basie solutions for technical purposes. 
For a long time it was used almost exclusively in the commercial field of analysis, 
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and was not considered accurate enough for scientific purposes. Now we know, 
however, that many titrations can be made with an accuracy that equals or exceeds 
that of the best gravimetric procedures. The special advantage of volumetric 
methods lies of course in speed, which is due in part to the technique and in part to 
the avoidance of preliminary separations that might be required in a gravimetric 
procedure. A volumetric procedure is likely to be applied when a single constituent 
of a sample is to be determined, and above all when a series of samples is to þe ana- 
lyzed. 

Methods. Any reaction to be made the basis of a chemical analytical procedure 
should run to virtual completion. In order to be suitable for a volumetric pro- 
cedure, it must in addition proceed with great velocity. Volumetric methods can 
be classified according to the nature of the product formed in the reaction, which in 
the inorganic field can be: 


(1) A slightly ionized substance: (a) water or a very weak acid or base; 
(b) a slightly ionized salt or, more generally, a complex ion. 

(2) A difficultly soluble substance. 

(3) A substance differing in valence number from the constituent to be 
determined. 


It will be seen that a greater variety of reactions is available in volumetric than in 
gravimetric analysis. | 

Indicators (g.v.). The stoichiometric point (“equivalence point’) in a voku- 
metric reaction is generally detected visually by the use of a suitable indicator that 
changes color or undergoes some other change apparent to the eye as close as possible 
to this point in a titration. This color change marks the “end point.” It is 
naturally important to choose an indicator that changes color as close as possible 
to the equivalence point, in order that the titration error may be small. If the indi- 
cator is too sensitive, the color change occurs before the stoichiometric point, and, 
if it is not sensitive enough, the color change takes place too late. If the equi- 
librium constant of the reaction is known, it is usually possible to predict which of a 
series of indicators of known properties will be useful in a given titration. 

For acid-base titrations, indicators specific for hydrogen ion are needed, and 
these are to be found among organic hydrogen-containing compounds that are 
capable of existing in two forms (weak acid or base and its corresponding galt) in 
equilibrium with cach other and having different colors. There are innumerable 
compounds of this character; however, relatively few arc suitable for acidimetry and 
alkalimetry or for the colorimetric determination of hydrogen-ion concentration. 
The properties of these selected indicators leave little to be desired. 

The indicators available for reactions in which complexes or slightly soluble 
substances are formed are limited in number. For many such reactions there are 
no good indicators known and for others it is necessary to rely on the appearance or 
the disappearance of a turbidity to indicate the end point. In recent years there 
have been discovered and developed a special class of indicators for certain precipita- 
tion reactions, especially those involving silver and mercurous salts. These are 
called “adsorption indicators,” and the mechanism of their color change may be 
illustrated by the use of eosin in the titration of bromide with silver nitrate. A very 
slight excess of silver ions over the amount required for the stoichiometric point 
produces a change in color from the original rose of the eosin to a red-violet. The 
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excess sifver ions are adsorbed by the colloidal particles of silver bromide and impart 
a positive charge to them. The charged particles of precipitate in turn adsorb the 
negative cosinate ions, which in the adsorbed state are deformed so that the red- 
violet color is produced. Iu other words, eosin is an indieator for the silver ions 
adsorbed on the surface of the silver bromide. 

Another recent advanee in volumetric analysis has been the discovery of various 
organie compounds that will function as “oxidation-reduetion indicutors.” These 
indicators are substances whose oxidized and reduced forms are strongly colored; 
the conversion of onc form into the other is frequently reversible. An oxidation- 
reduction indicator is net a specific indicator for a particular oxidizing or reducing 
agent, Its color depends upon the oxidation potential of the solution in whieh it is 
present, and it has a color transition interval extending ever a cerbain range of 
oxidaliou potentials. The oxidation potential existing à. the stoichiometrie point 
of an oxidation-reduction reaetion can usually be caleulated, and the appropriate 
indicator chosen accordingly from the rather extensive munber now available, The 
indicators that change color at a high oxidation potential are the most useful in 
analysis. Diphenylaminesulfonic acid is widely used in the titration of ferrous iron 
with dichromate, and ferrous o-phenanthroline complex for titrations wilh ceric 
salts, 

Detection of.the Equivalenee Point by Means of Instruments. — 'l'he equivalence 
point is usually recognized visually by means of indicators, but there are times when 
this method is inadequate. Difficulties arise in the titration of colored or turbid 
solutions: the color change may not be sharp enough for the accuracy desired; or a 
suitable indicator may not be available. Tn such eases instrument methods may bo 
advantageous or necessary. In these use ean be made of any property ol the 
titrated solution that shows an abrupt change at or near the equivalence point, 
There are many possibilities, but most of them lave restrieted applicability, The 
most important are based on electrical phenomens and are accordingly given the 
name of electrometrie methods. In the front rank we bave potentiometrie methods 
(see Potentiometry), in which the potential of au appropriate eleetrode immersed in 
the solution is measured against sone reference electrode during the course of the 
titration. A mass of spongy platinum saturated with hydrogen possesses a potential 
that is a simple function of the lhydrogen-ion concentration of the sohttton in contact 
with it, and it can therefore be used as an indicator electrode in acid-base titrations. 
The gaseous hydrogen electrode ean be replaced by others such as the quinkydrone, 
antimony, and glass electrodes, each of whieh, however, has certain limitations. 
These electrodes are also of value in the determination of the hydrogen-ion coneen- 
tration (g.».) of solutions. 

For a titration in which a slightly soluble or a slightly dissoeinled silver sult is 
formed, a piece of silver metal ean be used as the electrode. In oxidation-reduction 
reactions a wire of bright platinum or other noble metal is used as the indicator 
‘electrode; the metal itself plays no role other than that of au agent lor the Now of 
electrons into or out of the solution, and thus the oxidation potential (which is : 
function of [oxidant] /(reductant]) of the solution can be measured. Mma potentio- 
metrie titration the end. point is indicated by the greatest ehange i. potential] pro- 
duced by the addition of equal increments of reagent solution. 

In a eonductometric titration. (sec. Conduclometry) the electrica] eouductivity of 
the solution is measured after the addition of successive amounts of the reagent 
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solution. The conductivity changes during the titration in accordance with the 
total ionic concentration aud the mobilities of the ions present, and the end point is 
found graphically. This method is of value-in special cases. It suffers from the 
defeet of being subject to interference by foreign electrolytes, which reduce the 
sensitivity and lower the precision, 

A third type of electrometrie titration, developed in recent years, is based on 
electrolysis at a dropping-mereury electrode (sce page 885). The measurement. of 
current is involved, and the name amperometric titration (see Polarography) has been 
applied to the new technique. — Briefly, in this method, the current passing through 
a solution between the indicator electrode (dropping-mereury electrode or in s0moe 
‘ages a rotating platinum microelectrode) and a suitable depolarized reference 
electrode, at an applied eim.f. of proper value, is measured as the reagent solution is 
added, The diffusion current. (see page 885) is proportional to the concentration of 
the electroreducible substance in the solution, Either the substance being deter- 
mined, or the reagent, or even both, may be reduced. The end point is found 
graphically by plotting the current against the volume of reagent, and locating the 
intersection of two lines, It will he evident that this method can be applied in 
titrations that could not easily be made in any other way. The full possibilities of 
this technique remain to be developed. 

finally, some other methods that have been proposed for detecting the end 
point by physicochemical means may be mentioned. Thus the refractive index, 
freezing: point, viscosity, surface teusion, radioactivity, and heat evolution may be 
measured during the course of a titration. Practically, these methods are unim- 
portant and for the most part fall in the class of curiosities. For the more precise 
location of the end point in a titration im which an indicator is used or the reagent is 
colored, the light transmission can be measured photoclectrically (see Photoelectric 
cells), 


Physicochemical and Physical Methods 


All methods of eheinieal analysis are phiysieal in the sense that the final step in 
the determination consists of the measurement of some physical property. Chemi- 
nul methods have already been defined. Methods other than these may be called 
physicochemical and physical. Chemical methods are ultimately concerned with 
mass, physieal methods largely with energy. If no chemical reaction is involved ina 
method, it is plainly physical. If a chemical reaction is required to transform 
the constituent into a substance having certain properties that can be measured, 
the reaction need not be stoichiometric, although this condition may be desirable, 
Thus m some colorimetric procedures, the composition of the colored product is 
unknown, but this ignorance is no drawback to the success of the method. All that, 
the analyst requires is a definite relation between the mass (or the concentration) of 
the constituent and the effect that it produces. A feature of almost all physico- 
chemical and physical inethods is the actual or virtual comparison of the unknown 
against standards. The usefulness of these methods lics partly in the determinations 
that they make possible and partly in increased speed. There is great variety in 
the methods of this class. For most of the manifestations of energy there is a 
corresponding method. Some physical properties are uniquely characteristic of 
certain kinds of matter and form the basis of the most useful procedures, The most 
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important physicochemical or physical methods are those based on the emission or 
absorption of radiation. 

Colorimetry and Spectrophotometry. ‘Che popularity of colorimetric methods 
is explained by their wide applicability, simplicity, rapidity, precision, sensitivity, 
and the relatively inexpensive apparatus that often suffices for the purpose. Of- 
setting these advantages is the lack of specificity or, more geuerally, the possibility 
of interference from foreign substances in many color reactions. Organic reagents 
forming internal complexes of strong color are frequently used iu inorganic analysis 
because of the selectivity and the sensitivity that they often afford. Scleetivity can 
often be increased by adjustment of acidity, use of complex-forming substances, 
extraction of the colored product with an immiscible solvent, ote. Finally, if these 
expedients fail, preliminary chemical separations must be made. 

There are two ways of determining the concentration of a colored substance in 
a solution. In one, the colorimetric, the sample solution is compared against one or 
more standards. <A standard series can be used (precision about 5%) or the depth 
of column of the unknown or standard ean be varied until the color intensities appear 
the same (Duboseq colorimeter, precision about 2% iu à favorable concentration 
range) (see Colorimetry, spectropholometry, and fluorimetry). 

The second method involves the actual measurement of the ight transmitted 
by the colored solution, and is accordingly a type of photometry (see Photochemistry; 
Spectroscopy). In order to obtain maximum sensitivity, and for other reasons as 
well, the light used is monochromatic or approximately so, and the wave length 
_chogen is usually that most strongly absorbed. ‘The measurement of the absorption 
of monochromatic light constitutes spectrophotometry. Such measurement is 
basecl on the Lambert-Beer law: I/Iq = 107*", where J and Jy ave the intensities of 
the light beam after and before passing through the colored solution, Xis a constant 
called the “extinction coefficient,” ¢ is the concentration, and tis the thickness of 
the layer of solution. The value of Z/Jn, which is the ‘transmittancy” of the solu- 
tion, is measured by the spectrophotometer. The above expression can be written 
as log Ip/I = kel. Tt will be seen that the quantity, log Zo/T, called the “extinction,” 
is proportional to the concentration. A plot of extinction against concentration 
gives a straight line if the Lambert-Beer law is obeyed, as is usually the case. Ad- 
herence to this law is not, however, essential. Iu any case, a reference curve must 
be constructed by finding the extinction of a series of standard solutions whose con- 
centrations cover the desired range. 

A spectrophotometer consists of a light source, a prism or grating for furnishing 
monochromatie light, an absorption cell for the solution, aud a deviec for measuring 
the intensity of the light beam that has passed througb the solution. In most of 
the recent spectrophotometers the light intensity is meusured photoclectrically. 
Many colorimetric determinations can be made with an instrument less expensive 
than a spectrophotometer, namely, with a filter photometer. This instrument 
enables the analyst to choose various bands of wave lengths that are isolated from 
white light by the use of colored filters. The intensity measurement is usually made 
photoelectrieally. If itis not necessary to distinguish between several colored com- 
ponents in the solution, and if the colored substance being determined shows strong | 
absorption over a considerable range of wave lengths, as most colorimetric deter- 


mination forms do, a filter photometer will provide results as satisfactory as those 
given by a spectrophotometer, 
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In contrast to many other physicochemical or physical methods, such as spec- 
trography, colorimetry by photometric measurement is capable of high precision. 
In the favorable range of 20 to 60% transmittancy, an error of 0.1% in the trans- 
mittancy Measurement will cause an error of approximately 0.8% in the concen- 
tration. It is true that the error in routine work is likely to be greater than 0.1% 
iu transmittaney measurement, but this limit can be approached by the use of 
modern instruments. ‘he accuracy of a colorimetric determination will in general 
be less than the precision of the color intensity measurement because of defects of 
the color reaction. The accuracy of colorimetric methods is not so good as that of 
gravimelric and volumetric methods in the determination of the major constituents 
of a sample, but: the reverse is true for minor constituents in many cases, 

Spectrophotometers with photoelectric cells can be used for absorption measure- 
ments in the ultraviolet (down to about 200 my) and for a short distauce into the 
infrared. Organic substances frequently show selective absorption in the ultra- 
violet, and measurements in this region are of importauce for their determination. 

Infrared Spectrophotometry. Organic substances usually show strong selective 
absorption in tho infrared, the most important region being roughly 2.5 to 25 u, of 
which the portion up to 15 m is most easily investigated. Absorption bands in this 
region of the infrared are the result of the mutual vibrations of the atoms composing 
the organic molecules. ‘Definite bands correspond to various atomic linkages. By 
measuring absorption in the infrared, qualitative and quantitative analyses can be 
made of mixtures of organic substances in the gaseous, liquid (including solutions), 
and (less easily) solid states. The average sensitivity is 0.05 to 0.1%, and the error 
in the determination of substances present in small amounts is of the order of 0.05% 
absolute. The method is of littl: value in inorganic analysis, partly because water, 
the most usual solvent, is almost opaque to waves longer than 1.5 μ. Carbon di- 
oxide ean be determined very sensitively by infrared absorption. In an infrared 
spectrophotometer, the radiation is usually dispersed by a prism of rock salt or other 
substance, and the absorption is measured by a sensitive thermopile and galva- 
nometer. Automatic recording instruments have been developed. 

Raman Effect. In connection with infrared spectrography, mention should be 
made of Raman scattering. A substance (usually a liquid) strongly illuminated by 
monochromatic light cimits frequencies not present in the original radiation. Since 
these frequencies correspond to definite energy states of the molecules of the sub- 
stance, substances can be identified by the frequency of their Raman lines. Aque- 
ous solutions can be used. The spectrum is photographed, The sensitivity is not 
great, the limit of detection being in most cases about 1% in a mixture. Quantita- 
tive analyses can also be 1nade, an accuracy of 10% being attainable in some cases. 
The Raman. effect (¢.v.) is chiefly of value in the organic field; it is in general much 
less useful than infrared spectrometry. 

Turbidimetry and Nephelometry. The first of these methods involves the 
measurement of the light transmitted by a fine suspension, and the second, the 
amount of light scattered by a suspension. These methods (see Turbidimetry and 
nephelomelry) can occasionally be put to good use (the nephelometric is often very 
sensitive), but usually they are avoided if possible. The reason for this lies not so 
much in any difficulties in the measurement proper as in the difficulty of obtaining 
reproducible suspensions. The manner of mixing, the time of standing, and 
especially the presence of foreign electrolytes have a pronounced effect on the particle 
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size of a suspension and thereby on the light-transmitting or scattering power, 

Colored or opaque precipitates are more suitable than colorless ones in turbidimetry; 

procedures involving such stispensions are essentially colorimetrie but have the dis- 

advantages that dispersions introduce. Metals such as magnesium and aluminum 

an be determined by precipitating thcir hydroxides in the presence of dyes that are | 
strongly adsotbed by the precipitate with a change in color. A protective colloid is 

sometimes added to give a more stable suspension of the lake. 

Fluorimetry. Various substances, chiefly those organie in nature, have the 
property of fluorescenec, that is, of absorbing light and emitting it at longer wave 
lengths. Extremely small amounts of such substances can he recognized and deter- 
mined by the Auorescence of their solutions. The solution is illuminated by ultra- 
violet light from a mereury are, and the intensity of the emitted visible light is 
usually measured photoelectrically, The strength of the fuorescence is not neces 
sarily directly proportional to the concentration. Foreign materials may exert a 
marked effect on the fluorescence intensity. Fhiorimetey is important in the deter- 
mination of vitamins and other organic substances occurring in low concentrations. 
Inorganic substances can also be determined fluorimetrieally by the use of organie 
reagents. For example, many of the metal derivatives of hydroxyquinoline are 
fluorescent both in the solid state and in chloroform solution. See Colorimetry, spectro- 
photometry, and fluorimetry. 

Spectrography. From the standpoint of the inorganic analyst, the most im- 
portant type of spectrum is that characterized by bright lines arising from the emis- 
sion of ight by atoms or ions in the gaseous state. Flame, are, or spark can be used 
as the exciting source, and the choice depends upon the particular analysis. The 
are is most widely used because of its sensitivity and general suitability for quanti- 
tative work. Certain metals can be detected and also determined by atomizing an 
aqueous solution of the sample into an acetylene flame. The dispersion of light 
required to form spectra may be effected by the use of a prism (usually quarts to 
allow the transmission of the important ulraviolet region down to 2000 A.) or a ruled 
grating. 

Elements are identified by the wave length of the lines in their spectra, and de- 
termined by the intensity of suitable lines (see Spectroscopy). Usually the spectrum 
is photographed and, in the best method of quantitative analysis, the intensity of a 
line caused by the desired constituent is compared by a suitable photometric pro- 
cedure with the intensity of a linc of a component present in the sample in fixed 
amount. This is the zndernal standard method. The internal standard may he a 
major constituent whose amount is approximately constant, or an added substance 
chosen so that it furnishes a comparison line as spectrographically similar as possible 
to the line of the constituent. The ratio between the linc intensities of the internal 
standard and the constituent is obtained by the use of a “hase,” similar in composi- 
tion to the sample, that contains known amounts of each clement. By the proper 
choice of internal standard, errors due to variation in excitation conditions, exposure 
time, photographic processing, etc., can he greatly reduced. 

Variation in the major constituents of a sample, whether in amount or kind, 
may have a pronounced effect on the line intensities of the substance being deter- 
mined, and serious errors may be made if this factor is not taken into account. 
Sometimes it is advantageous to add a “ypeetrographie buffer” to a sample to bring 
its composition to closer equality with the standard mixture. ΛΒ long as the ma- 
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terial under examination has a substantially constant composition, the results 
obtained in careful work are likely to be within 5% of the truce value. They may 
even be. better, but sometimes tre worse. Speetrography is, therefore, of chief 
vidue in the determination of constituents occurring in relatively small amounts, up 
to 5% ol the sample. It is applied with great success in ferrous and nonferrous 
analyses Cor the determination of the minor constituents, as well as in trace analyses 
involving inorganic and organic saniples. 

"he sensitivity of speetrographie method is often high (usually 0.001 to 0.000197, 
of a metal is detectable), but if varies considerably from one element to another, 
being low for most of the nonmetals. Moreover, the sensitivity depends upon the 
nature of the sample m some cases, so that the excessively high limits popularly 
associated with this method are uot always attainable. Rapidity is an important 
charaeleristic of spectrochemical methods when samples of the same kind are being 
analyzed. in steel analysis, for example, many of the subsidiary constituents eun 
be determined in less than ten minutos. Speetrographiy is especially valuable when 
the clement cannot be determined readily, if at all, by chemical methods or other 
physieal methods, or when only a few milligrams of sample are available. 

Apart from its use in the determination of elements, the spectrograph, or even 
the speetroscope, is very handy for qualitative analysis, especially as a preliminary 
to a complete quantitative analysis; errors due to unsuspected constituents may 
thus be avoided, Semiquantitative analysis ean be made by estimation of line 
Intensities, and a fair iden of the relative amounts of the constituents ean be ob- 
tained without the expenditure of mueh effort. 

X-Ray Spectrography. In general principle x-ray speetrography is not unlike 
oplical speelrography (see Spectroscopy). The analyzed material is caused to emit 
X-rays in either of two ways: by exposure to eathode rays, the material being 
placed on the antivathode, or by subjeetion to an intense primary bean of x-rays; . 
in tbe latter case the sample is placed on the cathode or outside the x-ray tube. A 
crystal, such as rock salt or caleite, is used to diffraet the radiation, and the line 
intensity is usually obtained photographically. An element is identified by the 
wave length snd intensity of ils lines, Et is determined by comparing its Hne m- 
tensity with that of a suitable standard added to the sample in known quantity. 
The wnount of an element: detectable in à mixture 18 of the order of 1 part in 10,000 
or 100,000. X-ray spectrography s less sensitive than optical spectrography, and 
markedly so for elementis of low atomie number. The relatively small number of 
lines in x-ray speetra minimizes the possibility of comeidences and simplifies identi- 
fication. The accuracy of quantitative analysis by x-rays equals or exceeds that 
obtainable by optical spectrography, but there are a number of disturbing effects 
that aust be taken into account and avoided. X-ray speetrography has rendered 
"tduable serviee in the determination of the less common constituents of rocks and 
minerals, and several elements wore discovered by its use. Analysis by absorption 
of x-rays is unimportant; the method is not sensitive, | 

X-Ray Diffraction. By exposing a crystalline solid (see Crystals) to u mono- 
chromatic heam of x-rays and registering the diffracted radiation, the spacing of the 
lattice planes can be obtained. Usually, for analytical purposes, the finely powdered 
material is placed ip a capillary tube, and the diffraction pattern is photographed ou 
a strip of flm surrounding the specimen in the form of a concentric cylinder. The 
pattern thus obtained, the “fingerprint” of the substance, can easily be compared 
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with the patterns of known substances. The position of the diffraction lines and 
their relative intensities enable a substance (including allotropic modifications) or a 
mixture of substances to be identified if their patterns are given in the catalog of 
standards (40). The diffraction lines of some 3000 common compounds have been 
recorded. The relative amounts of the components of a mixture can be found from 
line intensities by the internal standard method with an error of 5% in favorable 
cases. This method is a powerful one, It enables the actual compounds in a mix- 
ture to be identified, and this is a matter of the highest importance in many chemical 
problems. Only a small quantity of sample is necded—a few tenths of a milligram. 
The method fails with amorphous materials and becomes uncertain if the pattern is 
weak The sensitivity varies. Iu favorable cases 1% of a substance in a mixture is 
detectable, in unfavorable cases perhaps 50%. Compounds present in solid solution 
may escape detection. The diffraction method is especially valuable when used in 
conjunction with another, such as spectroscopy, that does not possess the same 
shortcomings and can supplement it. 

‘ Diffraction patterns can also be obtained from a stream of electrons, but this 
technique is of limited analytical applicability. lectron diffraction is useful for 
the study or identification of surface films which can be penetrated by an electron 
beam or from which it can be reflected. 

Mass Spectrography. In a mass spectrograph a gas or vapor at a low pressure 
(of the order of 10-4 mm. of mercury) is bombarded with electrons, and the ions 
formed are sorted out by the combined action of an electric and magnetic field and 
focused on a photographic plate. All ions having the same ratio of charge to mass 
(e/m) are brought together and produce a trace on the plate. A series of lines is 
thus obtained, representing various e/m values. In a mass spectrometer the 
different ions are successively brought to a focus on a slit by adj ustment of the field 
strengths, collected, and their abundance found by measuring the ion current, 
These instruments are most widely known for their use in the determination of the 
isotopic composition of the elements and, from this, atomic weight. High accuracy 
is attainable (1 part in 10,000). For elements of low atomic weight, the accuracy is 
even better than that possible by chemical methods. Aside from their use in such 
fundamental researches, these instruments have other important uses, of which the 
following may be mentioned: im tracer work with stable isotopes, determination of 
very small amounts of gases in others (0.001% of oxygen can be detected in nitrogen 
for example), and analysis of complex gas mixtures for major and minor constituents. 
The mass spectrometer has important uses in the petroleum industry for the analysis 
of hydrocarbon mixtures. Compounds of the same molecular weight but different 
molecular structure can be distinguished from each other, since each yield different 
ions. See Mass spectroscopy. 

Radiometric Methods. Radioactive substances can be determined by means 
of the ionizing radiations that they emit on disintegration. These can be measured 
with a quartz fiber electroscope, an ionization-chamber clectrometer, or a Geiger- 
Müller counter (see Electronics), of which the last is the most sensitive and probably 
the most useful. In addition, radioactive measurements have been put to indirect 
analytical use. Radioactive isotopes may be used as tracers in studies on solu- 
hility of precipitates, distribution of substances between solvents, efficiency of chemi- 
cal separations, coprecipitation, and properties of precipitates. Since the discovery 
of artificial radioactivity in 1934, the possibilities in such investigations have been 
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greatly increased. By the end of 1946, some 450 radioactive isotopes had been pro- 
duced by bombardment of naturally occurring atoms. It is possible to detect some 
elements in the presence of large amounts of others by bombarding the sample with 
suitable particles to convert the constituent into a radioactive isotope. In this way as 
little as 0.5 part per million of gallium in iron is said to be detectable. 

Polarography. An clectroreducible or electrooxidizable substance can be 
identified, as well as determined, by eleetrolyzing its solution (containing an iu- 
different electrolyte) between a dropping-mercury electrode and a constant-poten- 
tial reference clectrode and recording the current as the applied voltage is steadily 
increased. At first practically no current flows. Then there is a sudden increase 
as the decomposition voltage of the substance is reached. The current continues to 
rise sharply for a time with the e.m.f. in accordance with Ohm’s liw, then begins to 
level off, and finally reaches a virtually constant value. ‘The constant current (the 
difference between the plateau value and the original value), called the “diffusion 
eurrent," represents practically complete depletion of the reducible ion around the 
very small mercury droplet. The replenishment of ions around the electrode must 
take place by diffusion, The potential represented by the point on the voltage- 
eurrent curve at which the current is equal to one-half the diffusion current (the 
half-wave potential), is characteristic of the reduction or oxidation process, andis in 
general independent, of the concentration. Under constant conditions the diffusion 
current is proportional to the concentration of the substance that is being oxidized 
or reduced, since this concentration determincs the rate of diffusion. 

Many substances, both inorganic and organic, can be determined by the polaro- 
graphic method in concentrations from 10-5 to 10—? molar. The accuracy is about 
2% in concentrations from 107‘ to 10-? molar. Substances whose half-wave poten- 
tials are sufficiently far apart (about 0.1 volt) can be identified and determined one 
alter the other. Jf these potentials are too close together, chemical separations 
must be made or complex formation invoked. 

Many different instruments are available for polarography (y.v.). Some are 
of the manual type in which the voltage can be set successively at the desired values; 
others are of the recording type in which the complete voltage-current curve is 
registered photographically or in some other manner. 


MISCELLANEOUS METHODS 


Density (q.v.) is not a specific property, but can sometimes be used to determine 
the proportion of the components of a binary mixture, as of alcohol and water. 

Refractive index is again not a specific property, but some simple analyses can 
be based on it (see Refraction and refractometry). It is quickly determinable and 
finds important applications in technieal analysis. Abbé, Pulfrich, and dipping or 
immersion refractometers are used. By means of an interferometer very small 
differences in the refractive indexes of two liquids or gases can be accurately deter- 
mined. With an 8-em. depth of liquid, differences of approximately 10-7 in index 
can be detected. The interferometer is used in gas analysis. An instrument with a 
10-em. tube can be used to determine carbon dioxide, methane, ete., in air with an 
error of about 0.1%. The error becomes proportionately smaller when the length 
of the gas chamber is increased. ' 
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Thermal methods (see Thermochemistry). 'Vhermal phenomena find direct; and 
indirect: applications in analysis. The measurement of the evolution of heat in a 
chemical reaction ax a means of determining the reacting components is occasionally 
used. One example may be mentioned, the empirical determination of the propor- 
tion of glycerides of unsaturated acids in an oil from the heat produced when it is 
mixed with strong sulfuric acid. By the eryoscopie method, the composition of a 
solution may he determined from its freezing point, as in the detection of added 
water in milk (oe Melting and freezing temperatures), An important method of gas 
analysis (q.v) is based on the different specifie thermal conductivities of different 
gases, The heat evolved on catalytic oxidation is made the basis of methods for 
the determination of combustible gases. Differential thermal analysts is applied in 
the identification of solid phases (see Phase rule), 





Conductivity (sce Conductometry). The use of eleetrieal conductivity measure- 
ments m titrations has already been referred lo. The concentration of an eleetro- 
lyte in a solution can be found from the empirical relation between the eonduetivity 
and the concentration. There are extensive technical applications. 

Dielectrie constant (see Dielectrics). Measurement of. the dieleetrie eonstant is 
sometimes of value in the analysis of mixtures of liquids. Water has a high dielec- 
trie constant (80.0), whereas sugars, starch, and proteins have much lower values 
(about 10), so that itis possible to determine moisture in such materials hy obtaining 
the dielectric constant. 

Magnetic susceptibility is a property rarcly employed in analysis, but it las 
possibilities in the examination of ferromagnetie materials (see Magnetism). Tt has 
been put to use in a method for the rapid determination of carbon in steel. The dif- 
fusion on heating of two mixed metal powders, one ferromagnetic, can bo followed 
magnetically. Copper and nickel powders have been studied in this way. 

Polarimetry (q.v.). Organic substances containing an asymmetric carbon atom 
rotate the plane of polarized light. This behavior provides & good way of determin- 
ing the concentration of such compounds in solution, and is very important iu sugar 
analysis. 

Ouly passing mention ean be made of the use of the ultracentrifuge ond ot elec- 
trophoretic apparatus for the study of proteins aud other complicated substances of 
high molecular weight. 

Finally, attention should be drawn to the development of new techniques lor > 
Ue separation of the components of mixtures, expecially those complex ones so 
often encountered in the organic or biologieal Held. Refined distillation procedures 
have been devised for the separation and determination of the components ol hydro- 
carbon mixtures and of oils. Another procedure that has received a great deal of 
attention in recent years is chromatography (q.v.), whieh may be regarded as a special- 
ized type of adsorption. This technique is based on the selective adsorption of the 
constituents of a mixture when its solution is passed through a column of a suitable 
solid, as for example, aluminum oxide. The separation effected by differeutial ad- 
sorbability is made evident by the appearance of bands differing in color or in some 
other property such as fluorescence. Tt is possible to isolate the different: components 
by eluting the column with an appropriate solvent. Chromatography is of little 
valuc in inorganic chemistry, but it has rendered most. valuable service in the investi- 
gation of organic substances, especially those of natural origin. l 
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Microanalysis 


In mnicronualysis (g.2.) the size of sample taken is much smaller than is ordi- 
narily used (macroanalysis), aud the aim is to obtain resulta substantially as sensi- 
tive and accurate, The foundations of micro technique, especially the quantitative, 
were largely laid in the first two decades of the present century by F. Emich, working 
in the general field, and by F. Pregl, who developed organie elementary analysis. 

In organic analysis neecssily led to the development of the micro technique for 
the determination of carbon and hydrogen, hut it soon hecame evident that the new 
technique was superior to the old macro procedure even when there was no dearth of 
material, because of the saving of time. Now the micro procedure is the standard 
one, Micro procedures for many other constituents determined in organic analysis 
have been worked out, aud it may be said that the whole field has reached a high 
state of development. 

In the inorganic field quantitative micro methods are to be regarded as special 
methods to be applied when the lack of sufficient sample demands their use, but 
they are not to be used to replace macro methods. Important resus, obtainable in 
no other way, are furnished by the micro technique, both in scientifie problems, such 
as those involved in mineral analysis, and in practical ones as in the analysis of 
metals, corrosion products, ete, Tt should be realized that in such instances the 
results are often obtained only by greater expenditure of time and effort than would 
he required by the corresponding macro method if it could be applied. The accuracy 
obtainable in both miero gravimetric and volumetric analyses is lower os a rule than 
that attainable in macroanalysis. A miero method is subject to all the errors of a 
corresponding macro method, and to others in addition. Instrumental errors, 
which in general are so small in macroanalysis that they hardly come into con- 
sideration, may reach dismaying proportions in microanalysis. If the weight of 
sample is reduced hy the factor 1/100, in order to obtain the same accuracy as before, 
weighings must then be made with an accuracy of 1 microgram instead of 0.1 mg. 
Weighings aceurate to 0.1 ng. can easily be made, but weighings to 1 microgram are 
extremely difficult with present-day microbalances. Moreover, in passing from gravi- 
metric macro- to microanalysis, the size of the vessels used cannot be reduced in pro- 
portion to the reduetion in size of sample, Consequently, small changes in weight of 
the vessels have a more serious effect on the results. A limiting factor in volumetric 
analysis on the miero seale is the difliculty of pereeiving color ehanges in small volumes 
of solution when a visual indicator is used. Application of an instrumental method 
for the detection of the equivalence point is sometimes helpful. 

Tt is generally easier to work on a semimicro than on a micro scale by using 
simples weighing perhaps !/; or !/ of the corresponding macro sample, or 10 to 50 
mg. Weighing errors then have a proportionately smaller effect, and less effort is 
required to obtain results whose accuracy approaches that of the macro method. 

The microscope can be, used for the quantitative analysis of heterogeneous 
mixtures whose components are distinguishable by sight or can be made so by stain- 
ing or by immersion in a liquid of suitable refractive index. The number of particles 
of each component is counted, the particle size is taken into account if necessary, 
and the weight percentage is ealeulated from known densities. To be sure, the 
results thus obtained are mot very precise, but sometimes no other method can be 
used. Haber determined the gold content of sea water (as low as 107%) by isolat- 
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ing the metal from two liters of sample and, finally, measuring the diameter of the 
minute bead obtained by a suitable procedure, 


Trace Analysis 

Substances existing in very low concentrations may sometimes exert effects 
that are out of all proportion to their amounts, and the determination of traces is an 
important concern of the analyst, both in the inorganic and the biological fields. 
In such analyses, physical and physicochemical methods are usually applied in the 
final determination, because they provide high sensitivity and their accuracy is 
sufficiently good for the purpose. Colorimetry, more especially its branel spectro- 
photometry, and emission spectrography are most frequently put to use in inorganic 
trace analysis, but other methods, such as polarography, also are used. Spectrog- 
raphy has the advantage of furnishing high absolute sensitivity so that only a small 
sample need be available. If the quantity of sample at hand is not limited, eolor- 
imetry often permits the determination of lower concentrations of a substance than 
does spectrography and, it may be added, with greater accuracy. When the color- 
imetric method is applied, preliminary chemical separations are usually required, 
Such separations are usually avoided in spectrography but sometimes must be 
applied even there. 

The procedures frequently used in separating a truce constituent involve pre- 
cipitation, extraction by an immiscible solvent, and distillation or related processes. 
Simple precipitation often is not effective. Another precipitate, called a collector, 
may have to be used to carry down the trace constituent in the form of a slightly 
soluble compound. The collector functions most effectively when ib forms a “mixed 
crystal” (solid solution) with the trace substance. Organic reagents forming com- 
plexes with metals are often used in the isolation of the latter by extracting the 
slightly soluble compounds with solvents such as chloroform, carbon tetrachloride, 
ether, and the higher alcohols. Among organic reagents of this type, mention should 
be made of diphenylthiocarbazone (dithizone, CgsHyN:NCSNITINHCsH,), whicli is 
of great importance in the isolation and colorimetric determination of heavy metals. 
Distillation and volatilization are especially valuable for the isolation of the non- 
metals. In the organic field, separations by extraction and chromatography find 
application, and the final determination may sometimes be made fluorimetrically. 

Little use has so far been made of catalytic reactions for the determination of 
traces. Some reactions that normally proceed extremely slowly are greatly speeded 
up by low concentrations of certain substances, and sometimes the effect is quite 
specific. By measuring the rate of reaction, as for example by following the con- 
centration of one of the reactants photometrically or potentiometrically, the con- 
centration of the catalyst can be found. Foreign substances may have s pro- 
nounced effect, and in general it is not safe to apply this method unless the catalyst 
can be isolated or separated from substauces that might interfere. One practical 
application of the principle is made in the determination of minute quantities of 
iodine by its catalysis of the reaction between arscnite and tetravalent cerium. 
Since iodine is readily isolated, other constituents of the sample do not cause trouble. 


Bibliography 
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E, B. SANDELL 


IL. ANALYTICAL CHEMISTRY, COMMERCIAL 


An analyst in a general commercial laboratory must, for obvious reasons, produce 
work that is sufficiently accurate in the minimum time possible. If a broad dis- 
tinction must be made between so-called “pure” analysis and commercial analysis 
the difference may be said to be mainly economic. Work so hurried that results 
must be doubted is not economic. A happy medium must be found. An experi- 
enced analytical chemist can usually estimate fairly accurately how long an analysis 
may take, even when complicated. Frequently, the cost of an analysis must be 
agreed upon before it is undertaken; from long experience the cost can be estimated 
within reasonably accurate limits. This presupposes au up-to-date knowledge of 
the expected general composition of a large variety of products, but allowance ought 
always to be made for the unexpected. The successful analyst must not only per- 
form chemical analyses accurately and skillfully, but must know what to expect 
and what to do when the unexpected turns up. 


GENERAL METHODS AND APPARATUS 


Because many samples analyzed commercially are very complex in composi- 
tion, a larger number of different methods for obtaining the desired analytical data 
may be employed than in most.'"pure" analyses, In principle, the methods and 
apparatus are the same as described uncer ‘‘Analytical chemistry, general.” For ex- 
ample, if the moisture content is required, the following methods are available and 
suitable choice must be made depending on the condition of the sample and subse- 
quent procedure—oven drying, vacuum drying, desiccator drying, solvent distilla- 
tion, ignition, absorption by suitable reagents, conducetometric methods, and the 
use of the Karl Fischer reagent (3). Again, to obtain the density or specific gravity, 
the specific gravity bottle or pyenometer, a Westphal balance, or one of a number of 
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hydrometers may be employed. "These hydrometera include the Brix, A.P.I., and 
Twaddell, which, with others, are exclusively used in commercial work. See Density 
and specific gravity. Further, melting points can be determined in à variety of ways, 
a number of which are employed only in commercial analyses (see Melting and 
freezing temperatures). 

Whereas single units of apparatus are often used in “pure” chemical laboratories, 
multiple units, as the Kjeldahl apparatus and Soxhlet extraction apparatus, are 
normally employed in commercial laboratories. A centrifuge is practically a 
necessity, as are also sets of screens. Besides the mesh analysis of a sample, a 
commercial mixture of, for example, mineral wool, asbestos, clay, and lime, can be 
separated by this means. Chemical analysis alone of such a mixture would be 
meaningless. (See Size separation). 


SAMPLING BEFORE THE ANALYSIS 


Sampling is of the utmost importance since the result of the whole analysis de- 
pends upon it. The most careful work, involving much time and cost, is valueless 
if a nonrepreseutative sample is used. For this reason, specifie sampling instruc- 
tions are given in many A.S.T.M., A.0.A.C., and other official methods (see **Speci- 
fication and standards analysis," page 896). Many materials are difficult to sample, 
for example, large shipments and also nonhomogencous materials, Random choice 
of samples without considerable prior thought is not permissible. Proper sampling 
takes time and discretion. Ton lots, pound lots, and lots of about one hundred 
grams or less may be handled by a shovel, a scoop, or a spatula, respectively. The 
size of individual pieces should correspond in the large original lot and the small 
representative sample. Unless otherwise specified it is usual, with multiple units, 
to sample not over ten, or one in every ten, in a shipment of one hundred, aud not 
less than one in every hundred, however large the shipment. Large shipments are 
usually handled by professional samplers, who take periodic samples from different 
parts during unloading. The purpose of the analysis must be considered. When 
moisture is to be determined, the sample should be protected from evaporation as 
far as possible during sampling, and the sample should be kept in a closed box, or 
(with small samples) in a tightly sealed bottle or can. 

Coarse Solids. The usual method for sampling coarse solids is known as mixing 
and quartering (see Size reduction). Large lumps may be crushed in a power jaw 
crusher, smaller ones by hammer, laboratory-size mechanical grinder, or mortar 
and pestle. Crush to approximate uniformity in size. Place the whole of the 
sample in a flattened pile, divide by a shovel, trowel, or spatula into four equal 
quarters, and discard opposite quarters. Mix the remaining quarters well by 
shoveling or scooping from the outside towards the center, again flatten, quarter, 
and discard quarters. Repeat until the desired amount of sample is obtained. 
With coal or minerals, an error may occur because of the lump size if this procedure 
is continued until the sample is too small. Before this oceurs, crush the entire 
sample to a smaller size and quarter as before. Further crushing of the resulting 
1-5-Ib. sample will probably be necessary so that a really representative 1-gram 
sample can be weighed. 


The sampling of coal illustrates this procedure. Use a jaw crusher if necessary, then mix and 
quarter as described above until a 2-Ib. sample is obtained. Since wet coal will stick or agglomerate 
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in grinding, spread ont the weighed sample to dry out, excess moisture at room temperature iud then 
reweigh. — "Phe loss is reported as moisture lost in air drying. Further pulverize the 2b, sample, in 
a mechanical pulverizer or ina mortar with a pestle, Lo passa 16-mesh sieve. Mix by rolling ou a 
large sheet of paper, work into a long row, and lift out with a spatula about twenty increments of such 
aize that a 4-02, sample results. When many samples are handled, the use of special riffles eliminates 
the time-consuming lifting of twenty increments, Roughly sieve on a 40-mesh screen, save the fines, 
and further grind the simple, using a coffee-mill-type of grinder with enclosed grinding plates and i 
roceptacle to catch the ground coal, Continue the grinding until all of the sample passes the 40-mesh 
serecn, Add the reserved fines, mix thoroughly, and store a 2-02. portion for analysis in a stoppered 
weighing bottle. The Bureau of Mines recommends grinding to 60-mesh at this point. No appreeci- 
able moisture is lost during suinpling if the original sample was free from superficial moisture, A more 
detailed description of sampling of large coal shipments is given in. A.S.T. M, Specifieation D21-40. 


Fine Solids. Substantially the same procedures are used as for liquids. 

Liquids. Homogeneous liquids are sampled by taking portions at regular 
intervals curing unloading. Tor liquids in drums, a (hin dube usually called a 
“thief” is inserted to the bottom, a finger is placed over the top end, aud the tube is 
removed, its column of liquid being comparable to the contents ol the drun from 
top to bottom, The various samples are well mixed, and a representative pint or so 
is taken and kept ina well-stoppered bottle or ean (if it does not attack the latter). 
Changes in composition of volatile, homogeneous mixtures due to evaporation of the 
most volatile portion. must be avoided. On a large seale, automatic sampling 
devices are used, as in sampling the contents of a tank car or water from a river, 
Low-viscosity liquids, especially if volatile, are conveniontly sampled for setual 
analysis in the laboratory by using a pipet; the weight must tlien be ealeulated from 
the specific gravity. High-viscosity liquids should be weighed from a weighing 
bottle as drainage from a pipet is slow and this leads to inuecuracics, Nonhomo- 
gencons liquids are much more difficult to sample. If they separate into two layers, 
each layer may be measured and analyzed separately. This may double the work, 
To avoid this, if possible, samples of each layer that are in the ratio of occurrence 
of the two layers are taken and combined for analysis. This is convenient when 
both layers are substantial percentages of the whole. Tn other cases, ii may be feas- 
ible to mix thoroughly and weigh a representative sample rapidly into a preweighed 
container before separation occurs. 

Gases belong in a class by themselves and are not often eneountered iu. the 
average laboratory. "hey require special gas sample tubes in which the gas is 
collected by displacement of mercury, if available iu large quantities, or, more 
often, water saturated with salt and slightly acidified with hydroellorie acid. 
Evacuated tubes nre more rarely employed. Dissolved gases, such as ammonia, 
sulfur dioxide, hydrogen sulfide, and carbon dioxide, are sampled as liquids, care 
being taken to keep the temperature low and the container well-stoppered to prevent 
loss by evaporation. For the determination of dissolved oxygen in water, the bottle 
containing the sample must be filled to overflowing at the source and at once stop- 
pered and sealed without entrainiug any air. For fuller details of the sampling of 
gases, see Gas analysis. 


Types of Analysis 


For the purposes of this article the subjeet may be very roughly divided as 
follows: ο 


(A) Standard methods of analysis. 
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(B) Types of laboratory work: (1) General analysis. (2) Specification and 
standards analysis. (3) Control analysis. (4) Research analysis. 

(CG) Analysis of unknown compositions: (L) Preliminary qualitative work, 
(2) Choice of method. (8) Examples, 


A. STANDARD METHODS OF ANALYSIS 


Sines, by definition, commercial analysis is “pure? analysis viewed from the 
economie angle, itis clear that the methods used are similar Lo those employed in 
general analytical work (see “Analytical chemistry, general’). Gravimetric and volu- 
metrie analyses are largely employed by most industrial laboratories. Some, for 
example, those analyzing metals for copper and lead, use electrochemical analysis. 
Spectrographic analysis is employed particularly in the metal industry, and is 
useful in any large laboratory. X-ray spectrography, x-ray diffraction, mass 
spectrography, polarography, colorimetry, spectrophotometry and infrared spectro- 
photometry, and other cleetrieal methods are all used as commercial analytical 
tools, Jt is impossible to enter info specific uses in this bricf survey. (See such 
articles as Chromatography; Colorinetry, spectro photometry, and flworimetry; Conductom- 
etry; ΕΟΟ FTydrogen-lon concentration; Instrumentation; Mass spectroscopy; 
Optical propertics; Polaranetry; Polarography; Potentiometry; Raman effect; Speciros- 
copy.) Microanalysis (¢.0.) ond analysis for trace materials often form important 
seetious of & progressive comercial analytical laboratory. The special methods and 
instruments to be most profitably employed can only be determined by each spceifte 
laboratory according to iis own particular problems, 


B. TYPES OP LABORATORY WORK 


i. General Analysis. Consulting analytical laboratories and chemical 
laboratories attached to aluast any kind of progressive company handle work of 
this deseriplion. Any of the following types of product, and many others, find 
their way onto un analytical chemist’s beneh: ores, metals, alkalies, water, building 
materials, foods, oils, waxes, petroleum products, solvents, paints, varnishes, syn- 
thetic and natural resins, rubber, synthetic elastomers, soap, synthetie detergents, 
emulsions, papers, and pases; and most of these are far from being simple com- 
pounds. Many contain hall à dozen or imore iugredients, the majority contain 
both organie and inorganic materials, and, as unknown samples, most of. them 
would present problema extremely difficult for an inexperienced chemist to solve, 
The reasons for the analysis may be diverse: a customer or the company itself may 
want to know the composition of «a competitors produet, perhaps to obtain new 
ideas, perhaps to prosecute for infringement of patent rights or, in the case of a food, 
to find the cause of spoilage or poisoning (see Food analysis). During the last ten 
or twenty years, the work of a commercial analyst has become increasingly diffleult, 
because ol the enormous increase in the number of new produets and resültant prod- 
uet combinations, A good general commercial analytical chemist must know 
much about actual analytical methods snd, at least, a little about the materials 
used by a multitude of different industries. Methods of approach to this class of 
work will be given at some length later on. Work done by a general analytical 
laboratory often includes to a smaller or greater degree analyses of the character 
described in sections 2, 3, and 4 following. 
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2. Specification and Standards Analysis. Many industries have set up 
specifications and standards for use within their own industry. Some have set up 
not only specifications but also methods of testing whether articles meet such 
specifications. Industries have handed together advantageously to back organiza- 
tions that publish specifications and methods of testing materials used by these 
industries. In carrying out such methods, it is obvious that the chemist must follow 
exactly the prescribed conditions of test in order to obtam results that can be com- 
pared with standards. IL is this strict: adherence to given procedure that chiefly 
differentiates specifications and standards analysis from general analysis. A high 
degree of analytical skill is often needed, without necessarily any exercise of logical 
deduction for formulation, by the analyst, of a scheme of analysis most stable to 
the material on hand. 


An outstanding example of the banding together of industries is found in the operation of the 
American Socicty for Testing Materials (A.S.T.M.). The A.S.T.M. Standards (1946) comprise 
three volumes approximating 7000 pages, reissued triennially, with Supplements in the intervening 
years. The methods are subject to periodical revision by special committees appointed hy the society, 
and useful cooperative work is done by many industrial laboratories. While it is (ruo that many of 
the specifications and tests issued by the A.S.T.M. are in connection with engincering and physical 
testing, there are also incorporated a large number of chemical specilications and analytical methods, 
relating, for example, to soap, detergents, metals of all types, nonmetallic structural materials (such 
as lime, cement, and concrete), coal and coke, petroleum products and lubrieants, paper, varnishes, 
paints, lacquers, ceramic products, rubber, textiles, and plasties, The ASNT M, Chemical Methods of 
Analysis of Metals (1946, issued irregularly) is a separate book and & small classie of its kind. 

Another book of standard methods of chemical analysis is that published by the Association of 
Official Agricultural Chemists (A.O.A.C.) with new editions approxitnately every five years. The 
sixth edition was published in 1945. This is the recognized government standard on methods of food 
analysis, Besides food, many other substances are covered, such as fertilizers, naval stores, paints, 
some drugs, insecticides, and water. The methods given are the result of intensive study by A.O.A.C, 
chemists and are generally excellent. 

The United States Pharmacopoeia (U.S.P.), the National T'ormulury (N.Y'.), uud tho New and 
Nonofficial Remedies (N.N.R.) contain standard methods of analysis compiled for use chiefly by 
pharmacists and druggists, but often used by chemists on phurmaeeutieals and chemicals, The 
American Oil Chemists Society (A.0.CS8.) issucs standard methods for the analysis of oils, soaps, 
and allied products. The American Petroleum Institute (A.P.L) publishes standards nmd methods 
for the analysis of petroleum products, which in many casos coincide, by design, with those of the 
A.S.T.M. "Phe Technical Association of the Pulp and Pauper Industry (T.A.P.D.I.), the American 
Leather Chemists Socicty (A.L.C.8.), and the Sulfonated Oil Manufacturers Association (8.0.M.A.) 
are a few of many other societies that publish standard methods of analysis for the products with 
which they are concerned. Coimercial chemists should be familiar with some or all of these useful 
publications. 


3. Control Analysis. Though this type of work is more routine in character 
than that encountered in a general commercial laboratory, the laboratory doing it 
is frequently the heart of a manufacturing company. Products must be examined 
in order to ascertain whether production is in line with company specifications. 
Hence control work, or part of it, is a special instance of specification and standards 
analysis, but in this case entirely in the interest of the company's own producta. 
Often such analyses must be performed very rapidly or production would slow down. 
Therefore quick, reliable, but not necessarily the most accurate methods, at times 
calling for much ingenuity, must be devised. Another phase of the control chem- 
ist’s work is to check the quality of incoming materials; still another is checking 


such diverse problems as water supplies and complaints from customers as to the 
quality of goods. ' 
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4. Research Analysis. This embraces a very large field. Many large chemical 
corporations have sel up analytical laboratories for the sole purpose of searching for 
new methods of analysis, usually applicable to the products manufactured by the 
company. New drugs, new plastics, new elastomers, new products produced by 
high-pressure synthesis, and numerous other new materials prove big and very 
difficult problems for the research analyst. Such analytical research should be 
closely correlated with synthetic research, and should preferably be carried out 
under unhurried conditions, with opportunity [or reading and independent thinking. 
While it is not likely to pay immediate dividends, in the long run it will amply pay 
for itself in quicker and better appraisal of both new and old products. In addition, 
there is need in a chemical plant for a rescarch analytical laboratory to investigate 
products of the research laboratories and suggest changes for correcting errors or 
making improvements. By keeping in contact with other laboratories and various 
departments of the company, an analytical laboratory of this character may be the 
hub of the various research laboratories of a large company, in its roles of recipient 
and dispeuser of much helpful general informatioun and data about products and 
methods. There are other laboratories of a national character which are founda- 
tions, generally for fundamental research in basic industries, and are supported by 
contributions ot specific fellowships from these industries. An outstanding ex- 
ample of this type of laboratory is Mellon Institute of Industrial Research in Pitts- 
burgh, Pa. This cooperative method of solving industrial problems is of rather 
recent growth, and, although a distinct departure from competitive research, is 
proving itself most fruitful. The recently formed Armour Research Foundation of 
Chicago is an instance of the application of the principle of solving problems arising 
in one industry with many ramifications. Although it is true that the research analyst 
does not always play a major role in such an organization, it could not function effec- 
tively without the aid of skilled analysts. 


O. ANALYSIS OF UNKNOWN COMPOSITIONS 


Usually some preliminary information is available about the probable composi- 
kion of a sample, butitis rarely complete. Having as much preliminary information 
as possible nay well save much time. The required accuracy of the results should be 
ascertained, since special and more lengthy methods often necessary for obtaining 
results in parts per million would be a waste of time if results to the nearest one per 
cent would suffice for a given analysis. If a complete analysis does not need to be 
made, exactly what is required should be determined at the beginning, because the 
omission of certain parts of a complete analysis may indicate the use of different 
procedures. 

1. Preliminary Qualitative Work. Minutes spent in careful consideration of 
the material may save hours of unnecessary quantitative work (see also "Analytical 
chemistry, general’). 

a. Tyne of Product. The purpose for which a product is designed usually gives 
some glue as to what may be present, or what may not be present. Thus, the label - 
may state that it is an automobile polish--experienee will at once suggest the pres- 
ence of several, or all, of the following ingredients: a mild abrasive such as diatoma- 
ceous earth, small amounts of glycerol, petroleum naphtha, wetting and emulsifying 
agents, and alcohol, besides a light mineral oil. In a paintlike product, a pigment and 
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vehicle will be present. Any statements ou a label should always be read carefully, 
but not always believed. . 

b. Physical Nature. ‘The appearance and feel of the material, for example, 
whether it is a colored or uncolored, viscous or limpil liquid, a soft, amorphous solid, 
a hard, erystalline mass, or a finely ground solid, may considerably limit the possi- 
bilities. 

c. Odor. Familiar odors, às of ammonia or eresol, are readily recognized, some 
even in the presence of other odors. However, the strong odor of a small amount of 
one substance may disguise the milder odor of one present in much larger amount, 
It is helpful to swell the substance in a test tube and again after gently and gradu- 
ally heating. Solids, as well as liquids, may yield mueh informatioun in this manner. 

d. Burning or Heating. The presence of organie matter ean be ascertained 
from the behavior of the material. A liquid may volatilize or cateh fire, and the 
flame may be blue, luminous, or smoky. A solid may ehar but nok ignite, it may 
burn after liquefaction, or it may sublime. Glycols give bluish flames, aliphatic 
hydrovarbous luminous, and aromatic hydrocarbons smoky and luminous flames, 
In mixtures, it may be difficult, to distinguish one from the other, Heuer, all 
aliphatic or aromatic compounds should not be ruled out entirely in mixtures if such 
tests are not strongly positive. After the sample has burnt awhile, blowing out the 
flame and noting the odor of the vapors may give additional information, Thus, a 
glyeeride will give the acrid odor of acroelin, Progressive burning may indicate one 
ingredient after another, depending on their volatility and decomposition poiuts. 
The existence of an ash after complete burning is significant. A pigment may be pres- 
ent or the metallic part of a soap. Any alkalinity of the ash should be noted. 

e. Flame Tests. The familiar tests for metallic radicals should be made, prefer- 
ably after the addition of hydrochlorie seid to the unknown. The yellow sodium 
flame is very prevalent and may often disguise other metals. A cobalt glass should be 
used for observing the potassium flame. A chlorinated hydrocarbon heated on a clean 
copper wire gives a green flame. 

J. Solubility. Rough, quantitative solubility determined by adding one gram ata 
time to water, when used in conjunction with handbook solubilities, may greatly 
limit the possibilities of substances present, Miseibility of a liquid with water, at 
room temperature or higher, is of interest. 

g. σα or Alkalinity, A pH or lydrogen-iou concentration (qv) should be 
determined, at least approximately. Tor this purpose, Universal Indicators or even 
sets of papers giving different colors at different pH levels are useful. If the pH is 
above 8.3 or if the substance gives a red color to phenolphthalein, an alkali, perhaps 
a soap or amine, is present. A pH of 4.0 or lower iudicates an organie or inorganic 
acid or an acid salt. The final analysis should be evaluated with the pH value in 
mind. 

h. Acidification. Carbonates, sulfites, sulfides, and metals liberate detectable 
gases after acidification. Dilute hydrochloric acid is usually the preferred agent. 
The solubility of the substance in acid is important. The solution so obtained 
should he tested with ammonia [or iron and aluminum, and then, after filtering, with 
ammonium oxalate for calcium. After removal of caleium, magnesium can be 
precipitated with a phosphate. A more complete qualitative examination ean he 
made, Most emulsions arc broken on acidification. Some of the newer surface-active 
agents continue to foam even after boiling with acid, but soap does not. 
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i. Heating with Alkali. volution of ammonia indicates an ammonium salt 
or an amine. Aluminum, zive, and magnesium metals evolve hydrogen gas when 
heated with alkali. 

j. Spot Tests. Spot tests are very convenient, and are usually specifie for the 
element tested (see Microanalysis). The exact procedure, especially in regard to 
the cHmination of interfering clements, must be followed. This is a special teeh- 
uique, rather recently introduced by Feigl (7), and once that is really worth while for 
a eommereial analyst. 

k. Anions. The usual tests should be made on the water or acid solutions, with 
especial note of the amount and eolor of the precipitate, if any (see under “Quali- 
tative,” page 862). 

2. Choice of Method. After some such scheme as the above has been fol- 
lowed, a fairly comprehensive idea as to the constituents and their approximate 
amounts will probably have been obtained. The course of aclion should next be 
earefully considered, and a scheme of analysis outlined. It is well to plan so that: as 
many determinations às reasonably possible can be made in succession. A short 
uiethod may not be advisable if à longer one will enable other determinations to be 
made. Standard methods should be used if possible; often none is available, in 
which ease procedures based on certain known properties of the substance will 
siggest: themselves. Many methods may be available for a certain clement or 
radical: the one to be used should be determined by the character and, somelimes, the 
size of the sumple. — A very small sample may limit the choice. The presence of 
other, and partieulaely interfering, snbstanees must be known, and they also further 
limit the choice. Tf there are interfering substances, but their presence is not 
established, the results may well be in error. Hence, the preeeding qualitative 
analysis before quantitative work is of vital importance, and, in an unknown, should 
be carried out with a reasonable degree of eare, This work can sometimes be so 
planned. that it ean be continued quantitatively by very little extra work. 

The sige of sample may affeet the scheme of aualysis. When it is small, more 
ingenuity is necessary Lo devise a scheme for making the maximum number of 
sufficiently accurate cleterminations of components on one weighed sample. When 
sufficient sample is available, the actual amount taken for analysis must be deter- 
minel by such factors as the volume obtainable for titration or the amount of pre- 
eipitate that it will yield. Tt is desirable, for example, to use sufficient sample to 
give : 20 to 40 iil. titration or a precipitate weighing 0.1 to 0.5 gram. These are 
rough limits, Too small a titration volume or precipitate will result in lower 
accuracy since the experimental error becomes proportionately greater, On the 
other hand, titrations with large volumes are tedious, and large precipitates tend to 
be contaminated, In many cases accuracy is greatly increased by determining : 
blank, using identical reagents and conditions. Such blanks may be very significant 
when small quantities are involved. 

The directions for all methods used should be meticulously read and the reasons 
for each step understood if possible, A good chemist is never just a robot. Direc- 
tions should also be meticulously followed except when an experienced analyst can 
logically devise a short cut. Most short cuts, however, are but short cuts to in- 
accurate results, beeause there is à reason for each step in a published method, 

3. Examples. (a) Automobile Polisi. Any good automobile polish may bo taken as an exam- 
ple of a complex eompountl eontaining liquid, solid, inorganie, and organic substances. Preliminary 
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examination may establish the presence of: o water-soluble, volatile, and flammable liquid, probably 
alcohol, in small quantity; 1 fair amount of water-insoluble, flammable hquid similar to a petroleum 
naphtha; a leas volatile, flammable, oiHike substance; considerable water; s water-soluble liquid 
similar to glycerin; a water-soluble gum as dispersing agent; a trace of surface-active agent; and, 
finally, appreciable finely powdered solid as abrasive. Careful consideration and manipulation will 
enable the determinations of all these various ingredients, except, perhaps, the very small amount of 
wetting agent, to be made on one sample of, say, 100 grams. Distillation with proper traps will 
separate: (/) the alcohol, in water solution, the amount of which can be determined hy specific 
gravity measurement and on which further qualitative tests can be made if desired; and (2) the 
volatile petroleum naphtha, the amount of whieh is directly measured. Constants can be obtained 
on the separated naphtha to identify it completely. Further distillation, after the addition of ben- 
zene, again with a suitable trap, will remove all of the water present, and leave the oil dissolved in the 
benzene. ‘Transferring this to a 250-ml. centrifuge bottle and the use of a centrifuge will separate the 
benzene and oil from the abrasive, glyocrin, and wnter-soluble gums. Several washings with warm 
benzene and subsequent use of the centrifuge will he necessary. Evaporation of the benzene will give 
the amount of oil, usually a light mineral oil. Sometimes a blown castor oil will also be present to 
rive luster. In this case, dissolve in very cold petroleum ether in which the castor oil is insoluble but 
the mineral oilis soluble. Constants may be determined on the separated oil or oils. 

The glycerin, which is still in the centrifuge bottle, evn now be similarly extracted with warm 
alcohol. The alcohol should he evaporated, the glycerin weighed, and qualitative or quantitative 
identification checks made as desired. The active organic ingredients of surface-active agents, if 
present, will probably be removed with the glycerin. 

The contents of the flask are next shaken thoroughly with near-boiling water, allowed to stand 
hot for some time, and centrifuged. This procedure is repeated until all the water-soluble gum is 
extracted. The extracts are brought to a known volume, and total solids are obtained on an aliquot, 
the remainder being employed for qualitative identification tests. The residue in the flask is dried 
to constant weight in an oven at 110°C., and then examined microscopically, and, if necessary, 
qualitatively. It will normally be diatomaceoug earth, and perhaps, a very fine amorphous silica. 
Each of these shows up characteristically under the microscope. 

By this means a fairly complete qualitative and quantitative analysis of the sample is obtained, 
The water content can be obtained by difference or, on a fresh sample, by distillation with a suitable 
trap, making allowance for any alcohol present. It is apparent that complete identification of each 
ingredient is not possible until separation has been made, Qualitative separations can be made, 
but much time is saved by obtaining the quantitative data and completing the qualitative identifica- 
tions on the ingredients go separated. 

(b.) Shampoo. Preliminary examination will readily show into which class this may fall. Should 
the addition of acid cause a complete break in the emulsion (which may be quite clear), a soap or a 
sulfated (usually erroneously called sulfonated) oil or both may be present. The presence of con- 
siderable sulfate in solution, after boiling several minutes with hydrochloric acid, will usually confirm 
the presence of the sulfated oil, After complete separation of the emulsion while warm, but not 
sufficiently warm or for such a long poriod as to hydrolyze the sulfated oil, the oil layer can he sepa- 
rated and analyzed according to the Methods of Analysis of the Sulfonated Oil Manufacturers Associa- 
tion, or the original oil solution may be used, The determination of only the acid value on the sepa- 
rated oil will give an experienced analyst an approximate idea of the amount of added soap, if any, 
originally present. 

If the original solution still foams and does not break down on acidification, the presence of one 
of the many surface-active agents, as sulfuric esters, sulfonates, amides, ete., may well be suspected. 
In such a case, very special methods of analysis may be required which can be obtained only by a 
special literature search, or which may be devised by the experienced analyst himself. The possible 


presence of alcohol, of a superfatting substance, of glycerin, or of other emollients should not be neg- 
ected. 


Interpretation and Presentation of Results 


In the majority of cases, results are given as percentages and should be ex- 
pressed only to the significance required. There is no need for a result reading to 
19.85% if the specification requires between 19 and 20%. Care must be exercised 
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to state the results on the correctly designated basis—as, on the original sample; 
on the oven-dried sample; on the ether-extractéd sample. Minute amounts are 
normally shown as parts per million (p.p.m.) and, as many results so obtained are 
accurate to not more than 5 or 10%, ought not to be made to appear more accurate 
than they really are by stating to more than one p.p.m. or one decimal place. When 
the original sample is a gas or a liquid, it is particularly necessary to know if the 
result is so many p.p.m. by weight or by volume. It is still the practice to give the 
hardness of water as grains per gallon, although expression as p.p.m. is now more 
often used; to obtain grains per U.S. gallon divide p.p.m. by 17.12, or, to express 
as grains per British (Imperial) gallon divide p.p.m. by 14.25. More rarely, a result 
is required in. ounces por ton, as in metal assays; even then ib may be necessary to 
state if the ounces are avoirdupois or troy, and the tons, long (Brit.; 2240 Ib.) or 
short (U.S.; 2000 1b.). With gases, results are normally expressed by volume, some- 
times as grams per unit volume. In cases in which materials are difficult to sample 
or results are for one reason or another expected to be very small or not readily deter- 
minable with accuracy, it is often the practice to obtain a number of results using 
exactly similar conditions of sampling and of analysis, and then take the average; 
this average or this value plus or minus (=) the found variations from this figure may 
be reported. Graphical presentation of results is usefully employed to show variations, 
as in the above case; change of content with time or varying conditions may well be 
so expressed. 

Much good work can be invalidated by poor mathematical interpretation. One 
slight error has wasted many a day’s work. Results should always be checked.- 
Longhaud ealeulation can be used but is uneconomical; four-place logarithms are 
usually preferred. A good 20-inch slide rule has about the same accuracy, and can 
safely be used for checking. Mechanical calculating machines are real timesavers, 
particularly for tabular calculations, but these results also need to be checked. All 
results of analysis, including weight and volume, should be clearly entered on the 
work sheet, even if only to aid subsequent checking. At least a brief indication of the 
method used will prove helpful in a later review of the results or repetition of the 
method. To save time when frequent similar determinations are made, results-of- 
analysis sheets are printed with all essential data but the actual figures. This makes 
for orderliness and quick recording of results. 
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ANATABINE, CuHwNo See Alkaloids; Tubaeco. 
ANDALUSITE, ALSiO;. See Silica and silicates. 

ANDESINE. See Silica and silicates. 

ANDRADITE, CajFe(S104)4..— See Siliea and silicates. 
ANDROGENS; ANDROSTERONE, C,,HaOs.. See Hormones, 
ANEMOMETERS. See Fluid mechanics. 


ANESTHETICS 


Anesthetics are substauces that abolish the pereeption of stimuli; local anestheties are 
employed to diminish the sensitivity to pain in restricted areas, and general anesthetics 
produce a hiatus (loss) in consciousness and thus obliterate the perception of all stimuli. 
Opium was one of the principal pain-alleviating agents of the Ancients; ineluded also 
was mandragora (mandrake), whieh contains the alkaloids of the scopolamine group, 
(Sce also Alkaloids; Analgesics.) During the Middle Ages alcohol played a prominent 
role as an anesthetic agent. Modern anesthesia was developed during the decade 1840- 
1850. During these years the three compounds: nitrous oxide, ether, and chloroform, 
were shown to induce general anesthesia in mau. Fn the last hundred years many new 
anesthetie agents have been made available and many new techniques of adininistra- 
tion have been developed. 

Surgeons must have muscular relaxation in the patient when operating. H the 
patient is not under surgical anesthesia when the surgeon starts to cut through the 
skin and connective tissec, the muscle would contract involuntarily, making it ex- 
tremely dificult for the surgeon to perform a satisfactory operation. In dental opera- 
tions anesthetics are necessary for alleviating pain. 

The available anesthetics inay be classified under the following general headings: 


I. General anesthetics: 
A. Volatile and gaseous inhalation anesthetics: nitrous oxide, ether, ehloro- 


form, ethylene, cyclopropane, vinyl ether, ethyl chloride, trichlorocthylene, and n- 
propyl methyl ether. 


B. Fixed anesthetics: tribromoethanol and pentothal sodium. 
II. Spinal anesthetics: procaine hydrochloride, tetracaine hydrochloride, and 
dibereaine hydrochloride. 
TIL. Local anestheties: cocaine hydrochloride, procaine Irydrochloride, tetra- 
caine hydrochloride, butacaine sulfate, monocaine hydrochloride, ethyl aminoben- 
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zuae, butyl amninobenzoate, phenacaine hydrochloride, diothane hydrochloride, mety- 
exine hydrochloride, dibucaine hydrochloride, and others of lesser importance. 


LV. Skeletal muscle relaxants: curare (d-tubocurarine, lntoeostrin). 


General Anesthetics 
VOLATILE AND GASEOUS INHALATION ANESTHETICS 


Nitrous Oxide, U.S.P. XITI, N.O. "'he anesthetie properties of nitrous oxide were 
observed by Sir Humphry Davy in 1708, but its use ag an anesthetic to obtund the 
pain of dental operations was not developed until 1844, when it was suggested by 
Horace. Wells, a dentist of Hartford, Connecticut, who with it initiated the era of 
surgical aiesthesit. 

Nitrous oxide is a colorless, odorless pan, whieh is alleged to possess a sweet. taste; 
m.p. —102.4?C., b.p.. —89.5?C., density 1.977 grams per liter, (See also Nitrogen 
compounds.) The gos supports combustion only after the disintegration of the mole- 
eule Into oxygen and nitrogen. Seeds cannol germinate and plants cannot grow in an 
atmosphere of nitrous oxide. Nitrous oxide is very soluble in water; from two to three 
volumes of nitrous oxide dissolve in one volume of water. Itis, however, like other 
general anesthelies, more soluble in oil than it is in water. Blood will dissolve a large 
volume of tbe gas. The gas does not combine with the hemoglobin. Owing to its 
greater solubility in oil than in water, the gas asit is carried by the blood to the central 
nervous system passes ott of the blood into the lipides of the central nervous system, 
producing narcosis (a state of complete unconsciousness). Induction is prompt, nar- 
cogis occurring within 7-2 minutes. Anesthetists have set forth the effects from the 
iuhalation of various eoneentrations of nitrous oxide (Table I). Like many other vola- 


TABLE L E 


ffects of Inhaling Nitrons Oxide. 








Nitrous 








Wailer oxide, ο 
Subeonseious analgesia 80 
Complete analgesia 84 
Light anesthesia 80 
Complele anesthesia, dangerous hypoxia with incomplete relaxation 04. 





lile anesthetics, nitrous oxide enters the body and leaves it unchanged. In other 
words, it is refractory to catabolism by biological processes, Its anesthetic action, 
according Lo moder concepts, is apparently due to the production of a reversible 
oxygeu want (hypoxia) in the eentral nervous system. By means of drugs, hypoxia of 
the central nervous system ean bhe produced by at least three mechanisms: (£) forma- 
tion of earbonyl hemoglobin (carbon monoxide poisoning); (2) inactivation of the 
eytochrome oxidase (the enzyme that emeses oxidation of the nonprotein, insoluble 
iron porphyrin constituent of hemoglobin) in the cells (cyanicle poisoning); and (3) 
inactivation of the cylochrome reductase (the enzyme that canses reduction of the 
nonprotein, insoluble iron porphyrin constituent of hemoglobin) in the cells (nareosis— 
nitrous oxide, ether, chloroform, ete). 

Substances used clinically as anesthetics affeet the cells of the central nervous 
system by the third mechanism but, in addition, they exhibit the property of affecting: 
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first, the cells of the cerebral cortex; second, those of the spinal centers; and last, the 
cells of the vital medullary centers. 

Incxplosibility, safety, and availability are factors which give nitrous oxide a 
place of pre-eminence among the volatile general anesthotics. 

Ethyl Ether, U.S.P. XII, (CoH,).0. Crawlord W. Long used ether as a general 
anesthetic in 1842, but his first publication on the use of ether did not appear until 
1849, five years after Wells’ work with nitrous oxide, and three years alter Morton’s 
demonstration of the use of ether in Boston, 

In Boston, Charles T. Jackson, a chemist, suggested the use of ether to W. T. G. 
Morton, a dentist, who was a pupil of Horace Wells. Morton persuaded Dr. J. C. 
Warren to permit him to use ether on oue of his patients. On October 16, 1846, in 
Massachusetts General Hospital, Morton administered ether to Dr. Warren's patient. 
From that operating room eame that memorable statement, “Dr. Warren, your patient 
is now ready." Mr. Abbott, the patient, was fast asleep. Ether had found its place 
in medicine. 

Ethyl ether is a colorless, mobile liquid with a charneteristie odor. It is very 
volatile, and its vapors are very flammable; b.p. 34.4°C., dj; 0.7199. One volume of 
ether dissolves in 12.5 volumes of water; it is miscible with alcohol, oils, and the 
usual organic solvents in all proportions. (See also Héher, ethyl.) 

Ethyl cther is the most generally used of all volatile anesthetics. Its mode of 
action is like that of nitrous oxide. Its not decomposed in the body, but its presence 
in the cells of the central nervous system produces insensibility to pain and a hiatus in 
consciousness. Ether requires 6-8% concentration in the inspired air to produce 
anesthesia. During surgical anesthesia the concentration in the blood is approximately 
150 mg. per 100 ml. The blood pressure remains essentially normal, and respiration is 
full and regular during ether anesthesia. The relaxation of abdominal inusculature is 
excellent. The administration of the anesthetic agent in the circuit with oxygen in- 
stead of air seems to reduce the incidence of postanesthetic nausea and vomiting. 
Postoperative abdominal distress and too great a degree of volatility appear to be the 
principal drawbacks to ethyl ether as an anesthetic. 

Ether, when exposed to light and air, has a tendency to develop peroxides. ‘These 
are explosive and also serve as pulmonary irritants when ether containing them is 
employed as an anesthetic. The structure of ether peroxide (dihydroxydiethyl per- 
oxide, bis(1-hydroxyethyl) peroxide), according to Wieland, is shown in formula (I). 
U.8.P. requires that ether used for anesthetie purposes must be peroxido-free. The test 
is carried out as follows: ‘Shake 10 ce. of ether occasionally during 1 hour with 1 ec. of 
a freshly prepared aqueous solution of potassium iodide (1 in 10), in a 25-cc. glass- 
stoppered cylinder of colorless glass, protected from light: when viewed transversely 
against a white background, no color is seen in either liquid." 


H n 
Oi 6-0-0-c— 
OTL OH 
(1) 


Chloroform, U.S.P. XIII, CHCIs. Chloroform was prepared first by the German 
chemist Justus von Liebig in 1881. It was used first as an anesthetic in 1848 by 
James Y. Simpson, Professor of Midwifery in the University of Edinburgh. 
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Chloroform (q.v.) is a clear, colorless, highly refractive liquid. It has a swectish 
odor and a burning, swectish taste, Tts vapors are not flammable; b.p. 61-62°C., 
di; 1.484. It is quite insoluble in water, but miscible with alcohol, oils, and the 
ethereal solvents in all proportions. 

Chloroform is about five times more potent than ether as an anesthetic. Lt is also 
much more toxie. The decline in the use of chloroform in general anesthesia is due to 
iis striking toxic action upon the heart and liver. thor does not exhibit this toxicity. 
Most. deaths under chloroform anesthesia occur in the induetion. stages. The mecha- 
nism of the acute iutoxieation probably takes place in the following manner. Chloro- 
form stimulates the vagus nerve centrally snd slows the heart. Through the excitation 
of induction, endogenous epinephrine (Adrenalin), produced by the adrenal glands, 
stimulates the cardiac accelerator; thus the simultaneous effect of stimulation and 
depression. of the heart rate produces fibrillation (irregular heart and pulse beats) of 
the auricles and ventricles. In addition, chloroform is carried from the alveolar air to 
the left chambers of the heart in concentrations which are eardiotoxie. Before this 
chloroform concentration has heen diluted by the general circulation, cardiac stoppage 
is produced. Che approximate mortality under chloroform anesthesia is of the order 
of magnitude of 1 in 2500; with ether, 1 in 10,000. It is of interest to note that the 
fluorine analog of chloroform, namely, fuoroform, is neither ancsthetie nor toxic. 

Chloroform used for anesthetic purposes contains from 0.5 to 1% of alcohol to 
protect it from oxidation, In the presence of moisture and oxygen, chloroform is 
oxidized to the very toxic phosgene: 


2 CIICl 47 0. —— — 20001. + 2 HCI 


Ethylene, U.S.P. XIIL, C4H,.. This unsaturated hydrocarbon was prepared first 
by Becher in 1669. It was introduced into medicine as a general anesthetic by Arno 
B. Luckhardt in 1922, 

Ethylene (q.v.) is a colorless, flammable gas, which burns with a luminous flame., 
lt has an engulfing, ethereal odor; b.p. —103.9?C. One volume of the gas dissolves 
in about 9 volumes of water and in 0.5 volume of aleohol at 25°C. 

High concentrations of ethylene are required to produce anesthesia (85-90%) and, 
to avoid hypoxia, the gas must be administered with oxygen, The gas mixture is 
extraordinarily explosive, and many tragice aceidents have occurred owimg to the explo- 
sion of the gas through ignition by static electric sparks. Undoubtedly this has mili- 
tated against the widespread use of the gas in many places. 

"The U.S.P. requires 0095 purity (by volume) for ethylene for anesthetic purposes. 

Cyclopropane, U.S.P. XIII, CH, (ID. Cyelopropane was discovered by von 
Freund in 1882. In 1930, Lucas and Henderson (10) investigated the properties of 
methylethylene and its isomer, cyclopropane. They found the latter to be a useful 
anesthetic agent. 

Cyclopropane is a colorless gas with an engulfing odor; m.p. —126.6^C., 
b.p. —34.4?C. (See also Hydrocarbons.) It is insoluble in water, but freely soluble | 
in aleohol and ether. Cyclopropane is very flammable and ils mixtures with air or 
oxygen are explosive when brought in contact with any souree of fire. 

IL 
ο. 
CTI, 
(II) 


. à 
HG 
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The gas used for anesthetic purposes must contain not less than 99% (by volume) of 
cyclopropane by U.S.P. standards. The quantities of unsaturated hydrocarbons per- 
mitted to be present are limited by an appropriate potassium permanganate reduction 
test. 

^ — As an anesthetic, cyclopropane is more potent than ethylene and hence permits 
the admixture during anesthesia of n larger percentage of oxygen. Relaxation of 
abdominal musculature is good during cyclopropane anesthesia. During the first, 
decade of its use the gas became established as an important and dependable agent 
(11). 

Vinyl Ether, U.S.P. NTU (divinyl oxide), (CHy=-CH).0. It occurred to Chauncey 
Leake (9) in 1930 that it would be of interest to prepare a hybrid molecule between 
ethyl ether and ethylene, that is, a molecule which contained the essential features of 
the molecules of each of these anesthetics. Following this suggestion, Ruigh and 
Major (12) prepared vinyl ether (Vinethene, Merck). The relation of these com- 
pounds to ethyl aleohol ean be seen froin the accompanying formulas. 

CoH SOL Οι CH, = CIE, CH, = CTI—0-—CH = CH, 
ethy! alcohol ethyl ether ethylene vinyl ether 


Vinyl ether is a clear, colorless, very volatile and flammable liquid, d$; 0.767 to 0.771. 
Its odor is characteristie and. disagreeable to many individuals, 3.5% of alcohol is 
added to the liquid and the resultant solution boils between 28 and 31°C. Polymer- 
ization is prevented by the addition of 0.01% of phenyl-e-naphthylamine. 

Vinyl ether is more powerful than ethyl ether. With it, anesthesia is rapidly in- 
duced, but owing to injury to the liver whieh may occur upon prolonged inhalation of 
this anesthetic agent, its use is confined Lo operations of short duration. Tt is especially 
useful for dental procedures, 

Ethyl Chloride, U.S.D. NIIT, C,HCl, b.p. 12.5?C.. (Gee Chlorine compounds, 
organie.) The use of this agent in America today is chiefly for local anesthesia, which 
it produces by its rapid evaporation from the skin. Inhalation induces general anes- 
thesia, but as a general unesthetic ethyl chloride is very potent and dangerous. 

Trichloroethylene, U.8.P. XT, CICH==CClh, b.p. 87.2°C. (Seo Chlorine com- 
pounds, organic.) The inhalation of the vapors of this liquid appears to give relief 
from the pain of trigeminal neuralgia (marked by pain along the course of the fifth 
cranial nerve in the skin of the face, tongue, and teeth) and the pain occurring after an 
attack of angina pectoris. In the United States its use in medicine is limited to these 
conditions. iy England trichloroethylene has been employed as a general anesthetic, 
but in this capacity it appears to be dangerous and offers no advantage over chloroform. 

Newer Anesthetic Ethers. In 1939, Krantz et al. developed a convenient method 
for preparing aliphatic eyelopropyl ethers (7). Cyclopropyl methyl ether (cyprome 
ether) (III) is more potent than ethyl ether and possibly safer. Its boiling point ts 
10°C. higher than cthyl ether, which should be a distinct advantage for anesthesia in 
the Tropics. Black, Shannon, and Krantz (8) in 1940 reported the first 25 human cases 
of anesthesia with eyprome ether. Other related ancsthetics are eypreth ether (IV), 
cyprethylene ether (V), and propethylene ether, CH;—C(CH;)--0—CH-—CH.s. 


H; Ha T; ' 
ον) JU QC. nn 
H4C— CH-—O0-—-CH; ILC——CLEH-—O-—-C4H; IlC-——COH-—-0-— COIT 


(TIT) av) (V) 
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Quite recently these workers (8) have developed the use of a simple isomer of 
ethyl ether as a new anesthetic agent, namely, methyl 2-propyl ether (Metopryl), 
CH;CHSCH,—O-—CTHs. This agent appears to be more potent than ether and its 
vapors are less irritating (15,16). 


FIXED ANESTHETICS 


Tribromoethanol, U.S.P. XIII, CBry;CH,OU, is a white, erystalline powder, m.p. 
79-82°C., soluble in petroleum ether, (See Bromine compounds, organic.) In 1927, 
Willstátter prepared a general ancsthetie, tribromoethanol, marketed and employed as 
Avertin, dissolved in sinylene hydrate (ert-amyl aleohol). The principle involved in 
its action is based on the theory of narcosis announced by Meyer und Overton 
in 1900. Essenfiully, this theory is that the greater the oil/water solubility of the 
agent, the more potent is its activity on the central nervous system. Alcohol lias 
anosthetie properties. The alcohols of the aliphatic series of hydrocarbons of higher 
moleculu weight, such as amyl and octyl alcohols, are less water-soluble and more 
oil-soluble, and their poteneies as anesthetie agents are greater than that of ethyl 
alcohol. Iu Avertin the increase in molecular weight by the introduction of three 
bromine atoms into ethyl alcohol increases the oil/water coefficient and simultaneously 
enhances the anesthetic potency of the compound. Avertin is administered rectally. 
Tts anesthetic index or safety margin is narrow, that is, the anesthetic and fatal doses 
do not vary by a great degree of magnitude, Therefore, most anesthetists prefer to 
use the drug in amounts equal to three-quarters of its anesthetic dose as a basal 
anesthetic, and to complete the relaxation with nitrous oxide or ether. The drug is 
contraindicated o patients suffering from liver or kidney diseases. It is unfortunate 
that all of our data on the efficacy and safety of Lribromoethanol are obscured by the 
fact that it is employed dissotved in another anesthetic agent, namely, amylence hy- 
drate. Furthermore, Avertin is a fixed anesthetic, and threatened collapse under 
agents of this kind is much more difficult to combat than it is under volatile anes- 
theties. Under the latter, removal of the mask initiates the immediate course of re- 
moval of the ageut from the circulating blood. Obviously, when a fixed anesthetic 
agent is used, this safety factor is unavailable. 

Pentothal Sodinm, N.N.R. 1947, CuHuNeNas. Many years ago Frankel prepared 
certain thiobarbitume acid compounds. (See also Burbtturie acid), On the basis 
of insufficient evidence from a very limited number of animals, these compounds were 
disearded as not suitable for therapeutic use. Since 1940 these compounds have been 
reinvestigated and found to be very prompt-acting barbiturates, but their action is of 
very short duration. ‘The one most extensively used in the United States is pentothal 
sodium (VI). Structurally, this compound is pentobarbital sodium (Nembutal so- 
cium) in which the oxygen atom of the urea portion of the molecule has been replaced 
by a sulfur atom, ` 


HN——00 
| | ull 
. Na8—Ó x | 
i | NCE (CH) (CH:):CHa 
N—— CO 
(YI) 


The widest use of Ghis convpotuut has been in producing anesthesia hy intravenous 
injection for surgical procedures of short duration. For this purpose 2-3 ml. of a 5%, 
solution is injected in about 15 seconds. The injection is then discontinued to permit 
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the complete effect to become manifest; this requires about 35 seeonds. If relaxation 
has nof occurred, ai additional 2-3 ml. may be slowly injected. 

The importance of pentothal sodium as a battlefield anesthetic cannot be over- 
estimated. The mortality statistics with pentothal sodium are favorable, and this 
agent appears to have attained a permanent and enviable position among the anes- 
thetic agents. Intravenous anesthesia has achieved recognition shice about 1935, and 
most of the work has been done with pentothal sodium. The carly barbiturates, 
nainely, amytal sodium and evipal sodium, formerly used as intravenous anesthetics, 
are now seldom employed. Research in this field is prolific (1). 


Spinal Anesthetics 


The use of local anesthetic agents in the spinal fluid to produce anesthesia dates 
back to the tum of the century, In tlie early days of this fornt of anesthesia, the deaths 
were so numerous that the popularity diminished. In more recent years, with more 
skillful techniques aud more numerous new syuthetic local aucsthetic agents to select 
from, this type of anesthesia lias received a new impetus and is at present enjoying 
much popularity. | 

When a local ancsthetie is injected into the spinal fluid, impulses over all typos of 
nerve fibers are blocked—sensory, motor, somatic (pertaining to framework of the 
body) and autonomic (self-coutrolling). The seusory bloek occurs in 6-8 minutes, 
and is followed by motor paralysis. The duration of the insensibility to pain aud the 
motor paralysis 14 à function of the character and the concentration of the local anes- 
thetic agent. Procaine hydrochloride in safe concentrations produces an anesthesia 
of I-hour duration,  Tetracaine hydrochloride (Poutoeaine) aud dibucaine hydro- 
chloride (Nupereaine) can be suceessfully used for a period of 2-8 hours. 

There are many side reactions that may occur after the injection of a spinal anes- 
thetic agent. There is a loss of motor tone which follows the paralysis of the vasocon- 
strictor fibers in the anterior nerve roots. The blood pressure consequently may fall 
to a very low level, requiring the use of such drugs as ephedrine. Inflammation of the 
root; of a spinal nerve (radiculitis), neuritis, meningttis, ancl palsies are some of the un- 
desirable results that have oceurred with the use of spinal anesthetics. 


Local Anesthetics 


Local anesthetics may be divided into three classes aecording to their mechanisms 
of alleviating pain: (7) liquids of low boiling points, such as ethyl chloride; (2) proto- 
plasmic poisons, such as quinine and urea hydrochloride; and (3) specific depressants 
of sensory nerve endings. 

The first two groups of local anesthetie agents are nonspecific and enjoy only a 
limited use. The third group exerts marked specificity for sensory nerve endings. 
They penetrate the cells of the nerve endings, and produce a reversible microcoagula- 
tion of the cytoplasm, without appreciable effect upon the surrounding tissues. (See 
Table IL.) 

During the Spanish conquest of Pern under Francisco Pizarro in the sixteenth 
century, Hrythroaylon coca—the divine plant of the Incas—was discovered by the 
Spaniards. Irom the leaves of the coca plant, Niemann isolated the alkaloid cocaine 
in 1860 (see Alkaloids). Later its structure (VII) was elucidated. Koller observed its 
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numbing effect on his own tongue in 1884, and then employed it to perform operations 
on the eye. 


Cly- - m vo CHE —COOCTH 
| 
NCH, OH IOC —CyH, 
CIE--—-——CH-—— — CT 
(VID) 


Stutus 


Official nome 


Cocaine hydro- 
chloride 


U.R.P, XIIL 


Procaine hydro- U.S.P. XHI 


Manufacturer 


Mallinckrodt Chemi- 
enl Works, Merck 
& Co, 

Abbott Labs, Ben- 


chiorice ! zol Products Co. 
Tetracaine hydro- US.PU NUL Winthrop Chemical 
chloride ο, 
Butaeaine sulfate U.S.P. XIIL'Abbott Labs. 
Monocaine hydro- N,N.R. 1047|Novoeo] Chemical 
chloride Mfg. Co, 
Monoeaine formate [N,N £047 |Novaeol— Chemical 


Ethyl aminobenzonte|lU.S. P, XILL 
Butyl aminobenzoatel U.S, P. NLT 


Phenacaine hydro- IUS, P. NIII 


chloride 

Diothane hydro- N. N.R. T947 
chloride 

Metyeaine hydio- N.N... 1947 
chloride 

Dibucaine hydro- N.NI 1047 
chloride 

Amylsine hydro- N.N.R. 1047 
chloride 

Tutoenine hydro- N.N.R. 1047 
ehloride 

Laroeuine hydro- N. N.H. T0446 
chloride 


Tn addition 


Mfg. Co. 
Abbott, Labs. Ben- 
zol Products Co. 
Abbott Labs. 


Winthrop Chemical 
Co. 
Merrell & Co. 


Eli Lilly & Co. 


ba  Pharmaceuti- 
eal Products 

Novueul | Chemical 
Mfg. Co. 

Winthrop Chemical 
Co. 

Hoffmann-LaRoche, 
Ine. 





TABLE UW. Commonly Used Local Anesthetics. 


Manufacturer's 
trüde mark 


Novocain, 
Winthrop 

Pontocaine, 
Winthrop 

Butyn, Abbott 


Monocaine, Novocal 


Monocaine, Novocol 


I 
Anesthesiu, Abbott 
Benzocaine, Benzol 
Butesin, Abbott 


Tolocaing, 
Winthrop 
Diothane, Merrell 
Metyenine, Lilly 
Nupereaine, Ciba 
Amylsine, Novocol 
'Putocaiue (Buta- 


min), Winthrop 
Larocaine, Roche 





application 


Surface and infiltration 


Infiltration and spinal 


Surface, spinal, oiudal, 
and infiltration 

Surface 

Infiltration 


Spinal and caudal 

Topical application 
only 

Topical application 
only 

Surface 

Surface 


Surface, caudal, and 


infiltration 
Surface and spinal 
Surface 


Surface 


Surface and infiltration 








to the local anesthetic effect of cocaine, the alkaloid produces a false 


euphoria (sense of well-being) and hence addiction of a very serious character. To 
obviate these untoward effects, many other compounds related to cocaine were synthe- 
sized and studied. The most useful of these was Novocain, syuthesized hy Einhorn 
in 1904 and known now as procaine. Tt is a p-aminobenzoi« ester and has served as a 
pattern for many of the generally used local anesthetics, The strueture of procaine 
hydrochloride is given in formula (VIIT). 


COO(CULN (CH) HOT CONCH HN (CHi ACI 


| PA 
NH (C H34CH; 
(IX) 


ό 
Nnm 
(VIII) 
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In related local anesthetics, alkyl groups from C, to C; may be substituted for any or | 
all of the ethyl groups, and one of the hydrogen atoms may be replaced. 

Procaine hydrochloride, like all of the other synthetic local anesthetics, is devoid 
of habit-forming properties. Ils potency, however, appears fo be about one-eighth 
that of cocaine. Cocaine stimulates the sympathetic nerve endings and coustricts thie 
blood vessels in the areas where it is applied; thus it tends to localize and prolong its 
anesthesia by reducing the circulation in the area. On the other hand, procaine hydro- 
chloride and the other generally used snestheties are not vasoconstrictors and therefore 
epinephrine hydrochloride solution (1 £100,000) is frequenthy injected at the same time 
in order to produce loval vasoconstriction and enhance the anesthetic action. 

Many of the synthetic local anesthetics arc more potent than cocaine; however, 
in the series of compounds, potency as a local anesthetic and general toxicity parallel 

each other. Intoxication with a local anesthetic produces pallor, dyspuea (labored 
breathing), convulsions, collapse, and rapid respiratory arrest. The barbiturates are 
effective antidotes against the convulsive seizures. ` 

Although many of the local anestheties are derivatives of p-aminobenzoie acid, an 
examination of the following representative compounds will reveal that certain dis- 
similar structures elicit local anesthesia. 

Cocaine hydrochloride, Ci E: NO,.HCI (VIT), occurs ax colorless crystals or as a 
white, crystalline powder; 1 gram dissolves in 0.5 ml. of water aud 3.5 ml. of alcohol. 

Procaine hydrochloride, CiIT4N40s.HC] (VIID), occurs as small, white erystals 
or as a white, crystalline powder, mp. 1538--156°C. ; 1 gram dissolves in 1 ml. of water 
and m 30 ml. of alcohol. 

The synthesis of procaine may be carried out by: aleoholysis of the etliyl group 
ol ethyl p-aminobenzoate by means of 2-dicthylaminoethanol (17); reaction of sodium 
p-aminobenzoate with 2-diethylaminoetlryl chloride (20); reaction of 2-chlorocthyl p- 
aminobengzoale with diethylunine (19,21); and reduction ol the hydrochloride of 
2-diethylaminoethyl p-nitrobeuzoate, the method most used today (18,21a). 

Tetraeaine hydrochloride, C,;H»;N;O;. HCI (IX), occurs as à fine, white, crystalline 
powder, m.p. 147-150?C. (27). Tt has a bitter taste aud it anesthetizes the tongue, 
It is very soluble in water and alcohol. 

Butacaine sulfate, Cisl NO». !/;H,SO0, (X), occurs as à white, odorless, crystalline 
powder, m.p. 100-103?C. (22,24). It is affected by light and produces numbness 
when placed on the tongue. Butacaine sulfate dissolves in less than its own weight of 
water, It is also very soluble in warn alcohol and acetone. 


-COO(CHa)gN (1-CulTy)a4/L SO, 000 (- CH): NITCHLCH (CHy)s.T1Cl 
C 
NH, NH. 
(X) (XT) 


Monocaine hydrochloride, Ci Hs;N:Os.HOL (XD), the hydrochloride of 2-isobutyl- 
aminoethyl p-aminobenzoate, is x white, odorless, crystalline powder, possessing a bitter 
taste, m.p. 192-195°C, (29). Itis sparingly soluble in water, slightly soluble in alcohol, 
and practically insoluble in ether. It is being used hy about 70% of the dentists iv the 
United States. 

Ethyl p-aminobenzoate, CoHi:NO, (XID, oecurs as small, white erystals or as a 
white, crystalline powder, m.p. 88-90°C. It is odorless and stable in air. One gram 
dissolves in 2500 ml. of water and in 5 ml. of aleohol. 
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Vthyl aminobenzoate is an insoluble loeal anesthetie and is hence unavailable for 
injection purposes, [t is applied in an ointment base to the skin. Ointiments of ethyl 
aminobenzoute (2-595) screen out uliraviolet rays and are therefore used to protect 
agaist sunburn, 

n-Butyl p-aminobenzoate, Cy Hy,N Oz, isa white, crystalline powder, m.p. 57-59 °C. 
Tt is almost insoluble in water (1:7000) (23). 


COOCH, IICL H N—C(CIL; =N 
| Ν 

$ 

N Ha 





—— O —C.IT; 
(XU) (XIID 

Phenacaine hydrochloride, .C\H»2N.O,HClH.0 (XIII), oceurs as small, 
white crystals. When dried to constant weight at 105°C., it melts at 190°C. It is 
odorless, has a faintly bitter taste, nud causes numbness of the tongue. One gram dis- 
solves iu 50 ml. of water; it is freely soluble in aleohol and chloroform. 

Diothane hydrochloride, C'H.;Nj;0,.HCl (XIV), the hydrochloride of the base 
piperidinopropanediol-diplenylurethan — (8-(L-piperidyD-1,2-propanediol | diearbani- 
late), occurs as a fine, white, crystalline powder, m.p. 195-200°C. (dec.) (28). Ithas a 
bitter taste and produces numbness of the tongue. It is slightly soluble in water, but 
readily soluble in aleohol. 





M V 
Π.Ο M-CH. H Hs Hs 
B nbook 7s & 2€ ax "on.Hc 
tk The οουνς > Ç PEM) K HO (CH, HOI 
H LICL Cm Cr 
|o CH, IL 
ILCOOCNQ > 
(XIV) (XV) 


Metycaine hydrochloride, CiEI NO, HCI (XV), the hydrochloride of benzoyl-y- 
(2-methylpiperidino) propanol (3-(2-methyl-1-piperidyl)-1-propanol benzoate), occurs 
as a white, crystalline powder, m.p. 172-175°C. (25). It is odorless and produces 
numbness when applied to the tongue. One gram dissolves in about 1 ml. of water; 
it is also soluble in alcohol and chloroform. Given subcutaneously it is less toxie than 
cocaine and comparable with procaine, whereas intravenously metycaine is three 
times as toxic as procaine, 


an H(CERAN(CEI, ). HCl 





N27 0—GCHQACHs 
(XVI) 

Dibucaine hydrochloride, Ca H34N;0; HC] (XVI), the hydrochloride of the 2- 
diethyhuninocthylamide of 2-butoxyeinchoninic acid, occurs as a fine, white, crystal- 
line powder, m.p. 90-98°C. (dee.) (26). It is odorless and produces numbness of the 
tongue. Dibueaine hydrochloride is very soluble in water (2 in 1) and alcohol. The 
effect of dibueaine is uch more intense than that of other local anesthetics and it is 
therefore used in very great dilutions, 
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TABLE IM, Poteney and Toxicity of Some > Important A Anesthetics.” 








ΜΝ "C MUT Mm 
(aneg(hesin) Gan MM o toxie ity 
-..... se -υἷοω -......., 
Cocaine 1 1 ἱ 1 
Procaine 0.1 1 . 1 0.3 
Butacaine 2 2 8 2 
Te tracaine 10 3 10 — --- 
Dibueaine 100 3- 10 8 8 


“CL EL "Thienes, p undamentals of Phar — Harp per, ON, Y, mm 


Skeletal Muscle Relaxants 


Curare (Intocostrin). One of the most recent ancl valuable discoveries for the 
anesthesiologist is curare or Intoeostrin. A century ago Claude Bernard in his 
"Études Physiologiques aur Poisons Americains” stated, “Not only is it necessary to 
isolate chemically the active principle of curare from the extraneous substances with 
which it is mixed; it is necessary besides, to determine what type of physical or chem- 
ical modification this toxic substance imposes on its site of action i order to effect its 
paralytic action.” It took a hundred years to meet this challenge; in 1035, Harold 
King determined that the active principle is a quaternary base, d-tubocurarie (see 
Alkaloids). Tn 1942 the possibilities of this substance as a relaxant to supplement anes- 
thesia were explored. 

This quaternary ammonium base produces a paralytic effect on neuromuscular 
conduction, Tubocurarine alone, among this elass of compounds, produces thìs re- 
sponse without other untoward pharmacologic effects. The site of action of tuboeura- 
rine is the myoneural junction of skeletal musculature. It likely interferes with the 
activity of acetylcholine which initiates muscle contraction at this site. The muscles 
are affected in the following order: (2) those innervated by the cranial nerves, (2) 
museles of the trunk and extremities, and (3) inuscles of respiration (the diaphragm is 
affected last). 

The intravenous use of tubocurarine chloride (20-100 mg.) in solution produces 
complete abdominal relaxation. It serves as a good supplement in cyclopropane, 
nitrous oxide, and pentothal sodium anesthesias, Thus this agent makes it possible to 
obtain more satisfactory relaxation with the foregoing anesthetic agents in the lighter 
anesthetic planes; this provides less anesthetic agent in the blood, less danger with 
patients who are seriously ill, and less postanesthetic consequences. 

Tubocurarine has been synthesized recently and its use in many conditions of 
muscle spasticity is being explored (4). 
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ANETHOLE, p-CEGCH: CHCGH40CHs. See Phenolic ethers. 
ANEURIN(E), CH4,CI,NIOS. Sce “Vitamin By’ under Vitamins. 
ANGLESITE, PbSQ,. See Lead. 

ANGOSTURA ALKALOIDS. Sce Alkaloids. 

ANGSTROM UNIT. Sce Units. 

ANHALAMINE, Cutis NO; Bee Alkaloids. 

ANHALIDINE, CuHyNO;. See Alkaloids. 

ANHALININE, CruHyNO;. See Alkaloids, 
ANHALONIDINE, CeHyNOs. See Alkaloids. 
ANHALONINE, CisHisNO;. See Alkaloids. 
ANHYDRIDES. Seo Acid anhydrides; Oxides. 
ANHYDRITE, CaSO, See Calcium compounds. 
ANHYDRO SUGARS. Sce Carbohydrates, 

ANILIC ACIDS. Bce Anilides, 


ANILIDES 


The anilides are N-acyl derivatives of aniline (g.».), ot N-phenyl amides; in the 
broadest sense, the term includes analogous derivatives of any primary or secondary 
aromatic amine (see also Amides). Anilides are very stable compounds and have beon 
used in characterizing the acids and amines from which they are derived. Important 
anilides are acetanilide (qo), CHCONHCEi; benzanilide, CsM,CONHC Hs; and 
thiocarhanilide, (sym-diphenylthiourea, see Urea), (CoHsNH)2CS. Monoanilides of 
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dibasie acids nre designated by the suffix "-anilie acid," ns earbanilie acid. (phenyl- 
carbamic acid), C;H;NTICOOTH. 


Metal anilides, such as GH NEK, are also known. 


ANILINE AND ITS DERIVATIVES 


Aniline (phenylamine, aminobenzene), CeElsN He, formula weight 93.12, is a colorless 
oil, Which turns brown on exposure to air or light. It has a strong characteristic odor 
and is toxic. The ehief importance of aniline lies in its value as an intermediate for 
dyes, pharmaceuticals, rubber chemicals, ete., although it finds other uses, for example, 
as n solvent. 

History. Aniline was first obtained in 1820 by Unverdorben by the dry distillation of indigo. 
He named the product Krystallin. In 1834, Runge isolated it from coal tar and called it Ayanol. 
Fritasche prepared it from indigo and caustic in 1840 and gave it the name af aniline (Spanish anil, 
indigo). Zinin first prepared it synthetically in 1842 hy reduction of nitrobenzene with ammonium 
sulfide. In 1843, Hofmonn showed that all of these products were identical, Perkin in 1856 obtained 
mauve by oxidation of impure aniline sulfate, and this was the first synthetic dye to he manufactured. 
Aniline was first manufactured in 18657. 


Physical and Chemical Properties 


Constants. B.p., 184.4°C.; bss, 92°; hy 71*; fp. —6.2°C.; dif 1.0268; dz}, 
1.022; n5, 1.5863; vapor pressure at, various temperatures: 








Temp., °C ‘Vapor pressure, Temp., °C. Vanor presure, 
175 600 130 200 
169 §00 119 100 
162 400 102 50 


151 300 77 15 





Sp.heat, 0.518 at 20-25°C.; latent heat of vaporization, 113.9 cal. per gram; heat of 
combustion, C,, 815 cal. per gram; flash point, 76°C. Aniline isa very weak base, its 
apparent dissociation constant, A, is 4.6 & 107" at25°C.; 7.6K 107" at 40°; 1.7 X 
10~ at 60°. 

Aniline is miscible in all proportions with ethyl alcohol, ethyl ether, and benzene, 
and is soluble in most organie solvents. At 25°C., 100 parts of water dissolve 3.5 
parts of aniline; at 90°, 100 parts of water dissolve 6.4 parts of wmiline, At 25°, 100 
parts of aniline dissolve 5.0 parts of water; at 90°, 100 parts of aniline dissolve 9.9 
parts of water, 

Reactions (see also "Derivatives," page 920). Aniline, as the simplest aromatic 
amine (see “Aromatic amines” under Amines), undergoes reactions involving the amino 
group and reactions involving the aromatic nucleus. Some reactions of only the 
amino group are the following. Acids react with aniline to form salts, many of which 
are very soluble; the most important is the hydrochloride, known commercially as 
aniline salt. Acylation gives anilides (q.v.), such as acetanilide (¢.v.), CHyCONHC.Hs. 
Aniline and its ring-substituted derivatives are readily diazotized, aud react with 
aromatic azo components to give azo compounds (seo Azo dyes; Diazo compounds). 
Ethyl chloroformate, CLCOQOCHs, and aniline form phenylurethau, CsH;NHCOOC.Hs 
(see Urethans); phosgene and aniline yield carbanilide or N,N'-diphenylurca, 
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(CENH )CO, while urea and aniline hydrochloride in boiling water solution yield 
poth phenylurea and carbanilide (see Urea). Carbon disulfide and alcoholic potash 
act with aniline to give thiocarbanilide. Chloroform and alcoholic potash give 
phenyl isocyanide (carbylamine reaction). Aniline dissolves various metals, in- 
cluding potassium, sodium, magnesium, and calcium, to form metal anilides (as 
C,H;NEIM, where M is a univalent mebal). Reaction of aniline with aromatic alde- 
hydes leads to anils (q.v.) or Schiff hases, CsH;N : CHR, whereas reaction with aliphatic 
aldehydes, as formaldehyde, results in more complex products (see Amino resins). 
Oxidation of aniline may affect both the amino group and the aromatic nucleus. 
Aniline is readily oxidized, as shown by its discoloration in air; however, practically 
colorless aniline can be obtained from dark material by distillation with a trace of zinc 
dust. A great variety of products results from the oxidation of aniline with different 
agents under different conditions. Two classes of agents have been distinguished: (7) 
agents such as hydrogen peroxide and Caro's acid (H380;) that add oxygen to the mole- 
cule, forming unimolecular produets (phenylhydroxylamine, C4H;NHOH; | nitroso- 
benzene, CHNO; nitrobenzene, CHNO; ete.) aud bimolecular products (such as 
azoxybenzene, CyHs(NON) CeHs, and azobenzene, CaH;N:NCGH;); (2) agents such as 
chromic acid, sodium chlorate, persulfurie acid (H2820s), and lead dioxide that remove 
hydrogen from the amino group, forming bimolecular products (azobenzene, phenyl- 
quinonedimine, p-HN : Col: NC;Hs, ete.), polymolecular producis (emeraldine, ni- 
graniline, aniline blacks—-greenable and ungreenable, viclaniline, ote.), ancl quinone 
(10). Reduction of aniline gives chiefly cyclohexylamine, CsHuN3e. 

Many substitution reactions of aniline affect cither the aromatic nucleus or amino 
group or both, according to the reagents and conditions used; the amino group is 
usually ortho-para-directing. Thus halogenation of aniline with chlorine or bromine 
leads to 2,4,6-trichloroaniline or -bromoaniline as end product; on the other hand, the 
action of hypochlorous acid in ether solution at —20°C. gives the explosive N, N- 
dichloro derivative (often called phenyldichloramine), CoEI;NCl,. — Nitration of ani- 
tine in which the amino group is protected (as in acetanilide) yields chiefly the para 
isoiner, or, in acetic anhydride, the ortho isomer; uitration to give the N-nitro de- 
rivativo (called phenylnitramine or uitranilide), CoH;NHNOsg, can be effected in 
various ways, as by the action of nitrogen pentoxide or by removal of water from 
aniline nitrate with acetic anhydride. Sulfonation of aniline by mixing with eqni- 
moleewar amounts of concentrated sulfuric acid and baking the resulting aniline 
sulfate at 180-L90°C. gives almost exclusively the para isomer. Sulfanilic acid (see 
“Sulfonic acid derivatives,’’ page 922), p-NH2CsH,SO;H, is produced in this manner 
on a commercial scale. When fuming sulfuric acid is used, some of the m-sulfonic acid, 
metanilic acid, is formed. 

Alkylation (q.z.) and arylation on the nitrogen atom of aniline can be carried out, 
by mauy methods for the preparation of secondary and tertiary amines. Alkyl halides, 
alkyl sulfates (as dimethyl sulfate), and alkyl sulfonates (as ethyl p-tolucnesulfonate) 
can be used; in industrial practice, aniline and hydrochloric or sulfuric acid (or aniline 
hydrochloride) arc usually heated with an alcohol (as methyl or ethyl alcohol) under 
pressure, in some cases in the presence of copper powder or a salt. The mixtures of 
mono- and dialkylanilines obtained must be separated (sce “ N-Alkyl and N-aryl 
derivatives,” page 923). The final product of alkylation with an alkyl halide or sulfate 
is a quaternary ammonium compound, as triethylphenylammonium iodide, CsT N- 
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(CeHs)sl. The vapor-phase reaction of aniline with an alcohol at high temperature 
(400°C.) over a catalyst (alumina or thoria) also gives N-alkyl derivatives. A newer 
and very different method of alkylation of aniline is the catalytic hydrogenation of a 
mixture with an aldeliyde, an anil (q.v) or Sehiff base being presumably the inter- 
mediate product in the ease of an aromatic aldehyde: 


— FLO a 
Cakl N Ha + CHC Ho -———— CHN : ΟΠ Ην 





-> CHi N HCIO II; 
N-henzylaniline 

Reaction of an anil with a Grignard reagent or an alkyl halide or sulfate also results 

in the formation of an N-allylanilino; Although the condensation products.of aniline 

with the simpler aliphatic aldehydes, especially formaldehyde, are complex Gee Amina 

resins), reduction of so-called “anhydroformaldehyde-aniline” with zine dust in alka- 

line solution can be carried out so as to yield chiefly mouomothylaniline. 

Methods for the N-arylation of aniline are analogous to the earlier methods for 
N-alkylation: heating aniline and its hydrochloride under pressure to form diphenyl- 
amine (commercial process); heating aniline with a phenol in the presence of zinc 
chloride or antimony trichloride; and boiling aniline with an aryl halide (as bromo- 
benzene) in nitrobenzene in. the presouce of finely divided copper. 

Aniline can be alkylated in the aromatic nucleus to form homologs such as the 
toluidines, CHsCsHyNHe, and the xylidines, (CHs)2CsHs;NHe, but these are usually 
manufactured by reduction of the corresponding nitro compounds (see * C-Alkyl deriva- 
tives,” page 925). The C-alkylation of aniline takes place by an apparent rearrange- 
ment of an. N-alkylaniline, but the mechanism of tle reaction is still obscure although 
much study lias been given to it. The facts are that an N-alkylaniline can form a p- 
allcylaniline or an o-allcylaniline if the para position is already occupied. Thus methyl- 
aniline hydrochloride heated in a sealed tube above 250°C. gives p-toluidine hydro- 
chloride. 

. NUCH; ACL NIt, HCl 


C) 
GIL 


methylaniline hydroehloride — p-toluidine hydrochloride 


Under similar conditious methylaniline and the dry chloride or bromide of zinc, 
cobalt, or cadmium form p-toluidine. 


Manufacture 


Aniline is produced commercially chietly by reduction of nitrobenzene (sce 
Amination by reduction) or by amination of chlorobenzene. It may also be prepared 
by the amination of phenol (sec Ammonolysis), but this method is not used commer- 
cially. 
1. Reduction of Nitrobenzene. Reduction is effeeted by iron turnings, water, 
and a catalyst. As catalyst, hydrochloric acid, ferrous chloride, or mother liquors 
from the inanufacture of aniline salt (aniline hydrochloride) may be used. The iron 
turnings, which should be clean and fairly uniform in size, are preferably added in small 
batches to minimize the possibility of “sticking” the stirrer. The water may be tap 
water, or water from certain steps of the operation. Ij may be the dilute anilinc-salt 
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mother liquors or the aqueous solution containing the soluble active catalyst from a 
previous reduction. 

The charge, consisting of iron turnings, water, and catalyst is introduced into a 
brick-lined reducer equipped with stirrer, Steam is turned on; it may be introduced 
directly into the reducer charge, or, according to an improvement, a jacketed reducer 
is used, wherein dilution during the reduction period is lessened and less steam is re- 
quired for distillation, When refluxing begins, nitrobenzeno is run in at such a rate 
that the reaction keeps gomg. Thereafter nitrobenzene and iron are added alternately. 
Tt is necessary that the reaction rate be carefully controlled in order to prevent too 
violent a reaction. Sometimes it is recommended that the reaction be neutralized with 
alkali at the close of the reduction. As an alternative method, all of the nitrobenzene 
may be added in the beginning, the reaction being controlled by the rate of addition of 
the iron. 

The overall reaction follows the equation: 


4 Cal; NOs -F- 4 ITO 4- 9 Fo —-— 9 4 Coll;N Ho -- 3 Fe;O, 


When the reaction is complete (as shown by the formation of a practically colorless 
distillate that is completely soluble in dilute acid), the next step is onc of purification. 
The simplest process is one in which steam is blown into the reducer to cause aniline 
to distill off into a separating tank. The aniline and water are allowed to separate, 
then the aniline is drawn off for rectification. Some of the aniline water is re-used. in 
the process and the rest subjected to nitrobenzene extraction or distillation for re- 
covery of the dissolved aniline. 

"Phe aniline is distilled under vacnum. The initial rnmings contain a high per- 
centage of water and are returned to the “crude” settling tanks, When no more water 
is perceived, the distillate is direeted to a receiver for refined oil and a relatively high- 
grade aniline results. The purity of the aniline may be determined by freezing point, 
boiling range, or specific gravity determinations. The residue remaining after dis- 
tillation is returned to the reducer for reworking. The sludge resulting from the 
reduetion has found very limited use as à pigment in the manufacture of paints and in 
the purification of coal gas containing sulfur. The bulk of the sludge is used, after 
such treatment, as may he necessary, as a substitute for iron ore in the blast furnace. 

In an alternative method, the water and aniline are distilled directly from the 
sludge in an agitated, gas-fired still. 

Aniline may also be prepared by the catalytic reduction of nitrobenzene whercin 
nitrobenzene vapors and hydrogen or water gas are passed over a catalyst licated to 
120-300°C. (14). Copper, iron and its oxides, silver and gold, silica gel impregnated : 
-with metals such as iron, nickel, and copper, oxides of zinc, copper, vanadium, cad- 
mium, manganese, molybdenum, and copper chromite have been described as suitable 
catalysts, 

2. Amination of Chlorobenzene (sec also A mmonolysts), One mole chlorobenzene, 
4-5 moles ammonia, and 0.1—0.2 moles catalyst, particularly a cuprous compound such 
as euprous oxide or euprous chloride, are heated in an autoclave for 6-12 hours at 150— 
250°C. The pressure runs as high as 500-1500 p.s.1.. After completion of the reaction, 
the charge is blown into a container and treated with caustic. This decomposes 
ammonium chloride, converts any phenol that is present into sodium phenolate, and 
precipitates the copper as a sludge upon removal of the free ammonia. After distilling 
off from the sludge, the aniline is purified as above. 
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3. Amination of Phenol. Phenol and ammonia are passed over alumina at a 
pressure of 10 atm. and at a temperature of 450-480°C. Oxides of thorium, titanium, 
tungsten, molybdenum, and vanadium have also heen deseribed as catalysts. 

SPECIFICATIONS, PRODUCTION, AND PRICE 

Aniline is sold in e.p., pure, and commercial grades; the containers are drums 
(40, 85, 500, 900 Ib.) and tank cars (60,000 Ib,). Tho shipping regulations require a 
red label. The tariff is 7¢ plus 40%. Technical aniline generally analyzes at least 
99.5%, whereas c.p. aniline is usually at least 99.9%. The color of pure aniline should 
he at most a pale yellow, it should have a sp.gr. of 1.02157? and should melt at —6.2 
to —5.9°C. Its distillation range should be within 0.8°C. for 95% of the material and 

within 2°C. forall of the material, 

100 both inchiding the true boiling 
point of 184.4°C. The material 
should be completely soluble in 
hydrochloric acid, thus showing 
the absence of nitrobenzene and 
40 hydrocarbons. The ash should 
be not more than 0.005% and the 
water content should be less than 
ο 0.195 as shown by distillation 
1925 1927 1929 1931 1933 1935 1937 1939 1941 1943 1948 with tetrachloroethane, and it 


YEARS 
should have no hydrogen sulfide 
Fig. L. Production of aniline from 1925 io 1946 (U. 8. as shown hy treatment with lead 
Tariff Commission figures), excluding production by acetate 
government-owned facilities during World War EL acetate. . 
In 1046, 89,129,000 lb. of 
aniline was produced in the United States (see Fig. 1). The price in 1947 waa 116 por 
Ih. in tank ears, and 12-134 por Ib. in drums. 


80 
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MILLIONS OF POUNDS 
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ANALYSIS 


Aniline may be determined colorimetrically when present in very small amounts 
either by means of the purplish-violet color formed on treatment with hypochlorite 
salation, or by conversion of this to a permanent blue dye on treatment with ammonia 
and phenol. Aniline may also be determined by titration with standardized sodium 
nitrite solution in the presence of hydrochloric acid. However, the preferred method is 
direct or indirect titration with bromine, in whieh trihromoaniline is formed. HE o- 
and p-toluidine are present, these form dibromo compounds; the meta isomer forms a 
tribromo derivative, but this is very rarely prescnt in aniline to more than a negligible 
extent. The most convenient method is to titrate a sample of aniline, water, hydro-’ 
chiori¢ acid, and potassium bromide with a solution of potassium bromate and potas- 
stum bromide to a starch-iodide end point. 


TOXICITY 
Cases of chronic poisoning are well known among workers exposed to aniline. 
The symptoms are anemia, skin eruptions, nervousness, and amblyopia (dimness of 
vision), In loug-eoutinued cases, bladder carcinomata have been claimed. Tn acute 
poisoning, the symptoms are headache, giddiness, weakness, nausea, vomiting, small, 


rapid, and irregular pulse, and coma. Subacute cases are accompanied by cyanosis, 
painful urination, dark-colored urine, jaundice, and diarrhea (5). 


Uses 
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Aniline is used in the manufacture of dyes, medicinals, resins (see Amino resins), 
varnishes, rubber chemicals, explosives, perfumes, and shoe blacks, and as an organic 
solvent. Consumption figures from the U.S. Bureau of Census for 1944 are shown in 


Direct, military? 

Foreign 

U.S. civilian? 
Rubber chemicals’ 
Dyestulfs, pigments, intermediates 
Drugs and pharmaceuticals? 
Explosives and stabilizers 
Photographie chemicals 
Petroleum refining? 
Resins and. plasties 
Miscellaneous uses and small orders’ 

Fotal 


TABLE I. Consumption of Aniline in 1944, 


Amount, Ib. 


5,516,000 


Per cent 








6.2 

1,690,000 1.9 
46,137,000 51.4 
19,350,000 21.5 
3,808,000 4.2 
3,030,000 3.4 
1,935,000 2.2 
1,572,000 1.8 
1,553,000 1.7 
5,158,000 5.7 
80,785,000 100.0 





7 Flotation products, parasiticides, mildew inhibitors, ete. 


α Tind-use data not available. 


t Consumption by industry only; does not include consumption in government-owned facilities. 
© Synthetie rubber additives such as eyelohexylamine, diphenylamime, and hydroquinone, 

¢ Aniline reserved largely for the manufacture of sulfa drugs. 
e For the preparation of emulsion breakers, petroleum additives, gasoline gum inhibitors, and 
oil corrosion inhibitors, 


under the small order exemption clause of the allocation control order, 


About 163,000 lb, were allocated 


TABLE II. Dyes Comprising Aniline as an Intermediate Produced in the U.S. in 1944. 





Ο1. 








(μοι Name of dyet nun- 
Azo | Aminoazoberzene 15 
“ Oil Yellow 19 
i Chrysoidine G 20 
i Chrysoidino Ἡ, 21 
e Oil Yelow AB 22 
s Sudan G 23 
i Sudan I 24 
“ Crocein Orange G 26 
di Orange G 27 
“ Chromotrope 22 20 
η Tast Acid Fuchsine B 30 
“ Amino Naphthol Red G 31 
“ Brilliant, Sulphon Red 32 
e Brilliant Lake Rel R 35 
“ Naphthol Blue Black 246 
Hu Azo Dark Groen A 247 
e Neutral Gray G 267 
e Sulphon Biack R 271 
“ Sulphon Cyanine C 288 
“ Diazo Brilliant Orange GR. Ex |. 324 
“ Rosunthrene 3242. 











ays, Name of dyer win 

Azo Benzo Past Searlet 4BA 327 

“ Benzo Fast Blue FR 533 

“ Direct Deep Black IW Ex 581 

“ Direct Deep Black RW Ex 582 

“ Chlorazol Dark Green 583 

Pyrazoloue. | Fast Light. Yellow 636 

Triphenyl- | Para Magenta 676 
methane 

Triphenyl- | Fuchsine O77 
methane 

Safranine Safranine 841 

“ Methylene Violet 842 

“ Safranine MN 843 

Induline Induline Spirit Soluble 860 

Nigrosine Nigrosine Spirit Soluble 864 

Oxazine Delphine Blue B 878 

Anthra- Anthraquinone Violet 1080 
quinone 

“ Alizurine Blue Black B 1085 

“ Authbraquinone Blue SR Ex | 1080 

Tudigo Indigo 1177 





e Names listed in above chart are those given in reference (8). 
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Table I by industry. Among the important intermediates made from aniline are di- 
methylaniline, thiocarbanilide, diphenylamine, sulfanilie acid, phenylhydrazine, 
phenylglycine, phenylethanolamine, acetanilide, and quinaldine. The important 
developer hydroquinone is made from it, and also many pharmaceuticals, among them 
arsanilie acid, eineophen, and the sulfa drugs. 

The dye aniline black, produced on the fiber by oxidation of an aniline salt, is 
one of the most commonly used and best-known blacks. Table II lists the most in- 
portant dyes manufactured in the United States in 1944 for which aniline is an inter- 
mediate, 

Table IT does not include the vast number of dyes manufactured from aniline 
derivatives, such as: Malachite Green (C.J. 657), Methyl Violet B (C.7. 680), and 
Crystal Violet (C.I. 681), which are manufactured from dimethylaniline; Brilliant 
Green (C.I. 662) and Xylene Blue VS (C.I. 672), which are manufactured from di- 
ethylaniline. 


Derivatives 
SALTS OF ANILINE 


Aniline, being a weak base, combines with acids to form salts. Several of these 
&re of some technical importance for various uses. 

Aniline acetate, C;HGNH3,CH3COOH, formula weight 153.17, is a colorless liquid 
that is miscible with water and alcohol; d%, 1.071. On exposure to air or light it grad- 
ually darkens. On standing it is slowly converted to acetanilide. This reaction 
occurs much more rapidly on heating and is the basis for the commercial manufacture 
of acetanilide. 

Aniline hydrochloride (also known as aniline salt, aniline chloride, phenylam- 
monium chloride), CellsN Hy.HCl, formula weight 129.59, is a white crystalline com- 
pound; m.p., 198°C.; b.p., 245°C. It is soluble in one part of water, and also in 
alcohol. On exposure to light or air it gradually darkens. It is prepared by treating 
aniline with hydrochloric acid in lead, or preferably, enamel. Aniline salt is used for 
the manufacture of various intermediates and dyes, and also for the dycing of cotton 
and wool black by means of afteroxidation to form aniline black on the fiber. Among 
the dyes in whose manufacture it appears as an intermediate are Rhodamine Ω (ΟΙ. 
150), Phenylene Blue (C.Z.,818), Rosinduline G (CI. 831), Indamine Blue B (C.J. 
859), Induline (C.J. 860), and Nigrosine (C.7. 864). 

Aniline sulfate, (CsHsNH2)2,H.80O,, formula weight 284.33, is a white crystalline 
powder that is soluble in 15 parts of water, somewhat soluble in aleohol, and practi- 
cally insoluble in ether. It darkens on exposure to light and air. On heating it 
forms sulfanilie acid (y-aminobenzenesulfonic acid). Formerly it was used as an anal- 
gesic but it is not used medicinally any more, 


ACYLA'TED ANILINES 


The primary use of the anilides (N-acyl derivatives of aniline) is as analgesics 
and antipyretics (q.v.). However, they find some use as intermediates in various 
syntheses, particularly of dyes and pharmaceuticals. 

Formanilide (phenylformamide), CsH;NHCOH, formula weight 121.13, is a white 
crystalline material; m.p., 48-50°C.; bi, 271°C.; bye, 216°C. It is soluble in water 
and alcohol and is prepared by boiling aniline with strong formic acid. It is used 
medicinally as a local anesthetic, analgesic, and antipyretic. 
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Acetanilide, C.H;NHCOGCTH,. See Acetanilide. 

Acetoacetanilide (acetylacetanilide), CcH;NHCOCH.COCHSs, formda weight 
177.20, is a white erystalline material; m.p., 85°C. It is slightly soluble in water, but 
is soluble in most organic solvents and caustic solutions. It is prepared by boiling 
acetoacetie esters with aniline, and is used as an intermediate in the preparation of 
pyragzolones and pyrimidines. 1t is used in the preparation of such dyes as Dianil 
Yellow 3GN (CLL. 648) and of Hansa yellows (seq Pigments). 


HALOGEN DERIVATIVES 


"The halogen derivatives of aniline fiud only slight technical use, chiefly as inter- 
mediates in the preparation of azo and azoie dyes, They are generally produced by 
reduction of the corresponding nitro compounds by the Béchanyp veduetion (iron and 
very dilute hydroehlorie acid), but, the ehloro derivatives may also be made by mn- 
1onolysis (g.2.) of bromochlorobenzenes. 

o-Chloroaniline, o- CLOHANTEÉs, formula weight 127.57, is a colorless liquid; in.p., 
—3?C.; h.p., 207?C.; di", 1.213; nf), 1.5895. It is practically insoluble iu water, but 
is soluble in acids and most organic solvents. Its acetyl derivative melts at. 87-88?C. 
and its bengoyl derivative at 99°C. This alsa known as Fast Yellow G Base. 

m-Chloroaniline, m-C1CsHyNTTe, is a colorless liquid; map., ~10°C.; b.p., 280 - 
231°C; dii, 1.228; 23", 1.5931. Lt is practically insoluble in water, but is soluble in 
acids and most organie solvents, Ila acetyl derivative melts at 72~73°C. and its 
benzoyl derivative at 118°C. It is also known as Fast Orange GQ Base. 

p-Chloroaniline, p-C1CoH,.NHa, is a colorless crystalline material; m.p., 70-71?C.; 
b.p., 282°C. Itis soluble in hot water and most organie solvents. Its acetyl deriva- 
tive melts at 169—-170°C. anel its benzoyl derivative at 192-103?. It is used in the 
manufacture of Napthol AS-E, which is the p-ehloroanilide of. 8-hydroxynaphthoie 
acid. 

2,5-Dichloroaniline, 2,5-ClC EL NES, formula weight 162.02, is a solid; m.p., 
51?C.; b.p., 251?C. It is also known as Vast Searlet GG Base, and it is prepared by 
nitrating pedichlorobenzene to 2,4-cliehloronitrobenzene and reducing the nitro, com- 
pound with tron and acid. Dis used for the preparation of Direct Black 20 (CJ. 588), 
Direct Green 2GB (C£. 589), Chloramine Black HW (CZ. 591), Rapid Orange GNR, 
Rapid Mast Brown GGH, and Rapid Past Scarlet GI. In 1945, 296,000 Ib. of the base 
and its hydrochloride was produced in the U.S. 

»-Bromoacetanilide, p-BrCysH,.NHCOCH;. See Derivatives” under Acetanilide, 


NITROANILINES 


The nitro derivatives of aniline (frequently called nitranilines) are used £o a rather 
large extent, mainly as intermediates for the preparation of the various types of azo 
and azoie dyoes. 

o-Nitroaniline, o-NOSCSILN Hs, fonnula weight 138.12, is an orange-yellow erys- 
talline compound; m.p. 71-72?C. It is soluble in hot water, acids, alcohol, and 
ehloroforin. It is also known as Tast Orange GR Base, and it is prepared by treating 
o-nitrochlorohenzene with: :mmonia under pressure or by desulfonation of 2-nitro- 
anilinc-4-«ulfonie acid with strong sulfuric acid. Its acetyl derivative melts at 03— 
94°C, Itis used to a very slight extent technically. 

m-Nitroaniline, m-NOsC;H,NHe, formula weight 138.12, is a yellow crystalline 
produet; m,p., 114?C.; b.p., 286°C. It is soluble in 880 parts of water, 16 parts of 
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aleohol, 16 parts of ether, and is very soluble in mineral acids. Jt is also known as 
Fast Orange R Base, and it, is prepared by partial reduction of m-dinitrobenzene with 
sulfides (see Amination by reduction). Tt finds considerable use as an organie inter- 
mediate, particularly in the preparation of azo and other dyes, such as Chrome Print- 
ing Yellow G (CJ. 36), Diamine Fast Bordeaux (C.I. 543), and Naphthol AS-BS. 
In 1945, 265,000 Ib. of this product was produced in the U. S. The acetyl derivative 
melts at 151-153 C. 

p-Nitroaniline, p-NO2CeHyNTh, formula weight 138.12, is a bright-yellow crystal- 
line material; m.p., 146-148^C. It is soluble in 1250 parts of cold water, 45 parts of 
boiling water, 20 parts of alcohol, and 22 parts of ether. Ib is also soluble in benzene, 
methanol, aud mineral acids. | Tt is also known as Fast Red GG Base, and it is best 
prepared by treating p-nitrochlorohenzene with excess ammonia under pressure (see 
Ammonolysis). 1t muy also he. prepared by nitrating acetanilide to form p-nitroacet- 
anilide (m.p. 214-216 *C.), and hydrolyzing this with caustic or mineral acid. p- 
Nitroaniline is used to a considerable extent as an intermediate in the preparation of 
azo aud azole dyes, such as Diamine Black HW (C7. 592), Direct Green B (C.I. 
593), Thiazol Yellow BR. (CL. 48), Chrome Printing Orange ΚΝ (ΟΙ. 40), and Rapid 
Fast Red BB, and also for the production of p-phenylenedianune, a rather important 
intermediate and dye. In 1945, 127,000 lb. of this intermediate was produced in the 
U.S. 

2,4-Dinitroaniline, 2,1-(NOSCET4NH., formula weight, 183.12, is 1 yellow solid; 
m.p., 188°C. Itis very diffieultly soluble even in. boiling aleohol. It is prepared by 
treating 2,4-dinitrochlorabenzene with ammonia, Due to its weakly basic character, 
it can be diazotized only in concentrated sulfuric acid. 2,4-Dinitromniline finds use in 
the preparation of various azo dyes. 

2,4,6-Trinitroaniline (pieranide), 2,2,6-(NO4) CEN Hs, Tormula weight 228.12, 
isa yellow product; m.p., 188°C. It may be prepared by treating 2,4,6-trinitrochloro- 
benzene with ammonia or 1,3,5-trinitrobenzene with hydroxylamine. 


SULFONIC ACID DERIVATIVES 


The anilinesulfonie acids find very extensive use as organie intermediates, espe- 
cially in the preparation of azo dyes. 


NH, ^ ` ^0 NH NH, 
S SOH ` (^ 
SOIT 
(I) Orthanilie acid (II) Motanilie acid. (IT) Sulfanilie acid 


Orthanilic acid (o-aminobenzenesulfonie acid, auilinc-2-«ulfonie acid) (1), formula 
weight 173.19, is best prepared by treatment of o-nitrochlorobenzene with sodium poly- 
sulfide, oxidation of the resulting o,o’-linitrodiphenyl disulfide to o-nitrobenzene- 
sulfonic acid, and reduction of this to orthanilic acid. This product finds the most 
limited use of the three possible isomers. 1t is used for the preparation of a few azo 
dyes. 

Mefanilie acid (m-aminobenzenesulfonie acid, aniline-3-sulfonie acid) (II), 
formula weight 173.10, is à white crystalline product, soluble in 68 parts of cold water, 
but only very slightly soluble in aleohol. Tt is prepared by sulfonating nitrobenzene 
with 25% oleum at 60-70*C. and then reducing the resulting m-nitrobenzenesulfonie 
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acid with iron and dilute acid. "Phis isomer finds mueh wider use in the preparation of 
azo colors. A few dyes prepared from it are Metani Yellow (C.7. 138), Sulfon Cyanine 
58. (61. 289), and Cotton Black (C.J. 994). In 1945, 530,000 Ib. of metanilie acid was 
produeed in the U.S. 

Sulfanilie acid (p-aminobeuzenesulfonie acid, aniline-4-snlfonie acid) (IID, 
formula weight 173.19, is à white erystalline material that holds one mole of water of 
crystallization, up to 100°C., when it hecomes anhydrous. It ehars at 280-300°C. with- 
out melting. It is soluble in 90 parts of cold water aud 15 parts of boiling water, but is 
almost insoluble iu alcohol, ether, or benzene, Itis produced by mixing equimolecular 
amounts of aniline and sulfuric acid to form anifiue acid sulfate and bàking this at 180— 
190°C. witil the rewranganent is complete, Sulfanilie aeid is the most widely used of 
the three isomers. Tt is nsed medivinally as an analgesic and ehemically as the inter- 
mediate for the produetion of a large number of organie chemicals aud dyes. Ib is used 
as tun intermediate in the manufacture o/ Methyl Orange (CLI. 142), Cureumine (CJ. 
144), Resoreine Yellow (C.F. 148), Orange I (C.2. 150), Orange IT (CT. 151), Azo 
Fuehsine G (C7, 153), Anthracene Acid Brown G (CUZ. 238), Columbia Green (CLI. 
509), Nylene Light Yellow 2G (CJ. 639), and Tartrazine (CL. 640), In 1945, 2,225,- 
000 Ib. o£ snlfunilie aeid was produced in the U. 8. 


N-ALKYL AND N-ARYL DERIVATIVES 


The N-alksyl and N-aryl derivatives of aniline are used to a rather large extent 
as intermediates in the preparation of azo, triphenylmethane, azine, thiazine, and 
oxazine colors. 

Monomethylaniline (M.A), CHN HCH, formula weight 107.15, is a colorless to 
slightly yellow liquid that becomes brown ou exposure to nir; m.p. —57?C.; b.p., 
1904-1909C.; dT, 0.080; «37, 1.5702. It is slightly soluble in water, but is soluble in 
alcohol and ether. It is generally prepared by heating aniline with methanol and 
hydrochlorie acid at 186° in an autoclave, and separating the resulting mixture of 
mono- and dimetilylanilines. In addition to hydrochloric acid various other acid 
catalysts may be usec. 

Various methods of separation of mixtures of aniline, mononlkyl-, and dialkyl- 
aniline have been used. The most familiar is the treatment with p-toluenesulfonyl 
chloride and alkali. The monoalkylaniline and the trace of aniline are acylated and the 
unreacted dialkylaniline may be steani-distilled. From the residue, the. p-tolucue- 
sulfoiylaniline is extracted with aqueous alkali. The arylated derivative is insoluble. 
This may then be hydrolyzed with concentrated sulfuric acid aud the free base steum- 
distilled after the solution has been made alkaline. 

Another method of separation can be used when only secondary and tertiary 
amines are present. The mixture is treated with phthalic anhydride and only the 
secondary mnine reacts to form the N-alkylphthalanilic acid. The tertiary amincis 
distilled over and the N-alkylphthalanilie acid hydrolyzed with acid. After making 
the solution alkaline, the secondary amine may be steam-distilled. 

Chlorosulfonie acid has also been used ag a means of separating these bases. It 
forins sullamic acids with the aniline and monoalkylaniliue from which the tertiary 
amine may be distilled with steam. The primary and secondary amines can be Hb- 
erated by acid hydrolysis of the sulfamic acids aud scparaked by precipitating out the 
zine chloride double salt of aniline. 

In order to avoid these difficult separations, other methods of preparing pure 
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monomethylaniline have beeu used. “Anhydroformaldchyde-aniline,” which is 
formed from aniline and formaldehyde, may be reduced (sce also Anils). However, 
this reduction requires zine dust ora catalytic method with activated niekel. An- 
other method is the methylation ol p-toluenesulfonylaniline and hydrolysis of this 
product with sulfurie acid to give mononietliylaniline. 

Dimethylaniline (DM A), C;H;N(CH3)s, formula weight 121.18, is a yellowish to 
brownish oily liquid; m.p., 2?C.; b.p., 192-1049C. ; di’, 0.956; np, 1.5582; flash point, 
61°C. It is practically insoluble in water, but is quite soluble in aleohol, chloroform, 
ether, and aromatic organie compounds. It was discovered by Hofmann in 1850. 
At present it is manufactured by healing aniline, methanol, aud sulfuric acid at tem- 
peratures ranging from about 205°C. to about 230° using u steel autoclave, The 
bases are then liberated with caustic, the methanol is distilled off, and the dimethylani- 
line purified by vacuum distillation. On reacting for six hours at 205°C. a yield of 
about 05975 of theory is obtained, and the dimethylaniline has a purity oxceeding 
99.5%. Temperatures of the order of 250°C, give nuclear alkylation, Some of the 
methanol used in this process is lost as dimethyl ether. 

The small amounts of aniline and monomellrylaniline left may he acylated, as 
with acetic anhydride, and the tertiary base distilled from the less volatile acylamines. 
Dimethylaniline is a yery valuable intermediate, and itis used for the manufacture of 
vanillin, nitrosodimethytanitiue, Michler’s ketone, Methyl Red (CL. 211), Malachite 
Green (CLI. 657), Methyl Violet (C.I. 680), Crystal. Violet (CZ. 681), Methylene 
Blue (C.I. 922). It is also a good solvent and an aid in methylation. Tt is used as an 
intermediate iu the preparation of rubber. accelerators, explosives, and medicinal 
products. The alkylating agent, phenyltrimethylainmonium ehloride, CeHsN (CH,)5- 
Cl, is prepared from dinethylaniline and is used for alkylating morphine to codeine, 
antipyrine, and theobromine. By nitration, the explosive tetryl is formed. In 1945 
7,041,000 lb. of dimethylaniline was produced in the U.S. 

Monoethylaniline (MA), ChH;NHC2EI;, formula weight 121.18, is a colorless, very 
refractive liquid that rapidly becomes brown on exposure to light aud air; it solidifies 
below —80°C.; m.p., ~68.5°C.; b.p., 204.7°C.; doz, 0.958; nf’, 1.5559. It is practi- 
cally insoluble in water, but is soluble in most organic solvents. Its preparation and 
purification are very similar to that of monomethylaniline, It may be purified by 
fractional distillation. Monoethylaniline is a very useful intermediate in the prepara- 
tion of azo aud triphenylmethane dyes. In 1945, 1,062,000 Ib. of this product was 
produced in the U.S. 

-Diethylaniline (DEA), CsH;N(CoHs)2, formula weight 149,28, is a colorless to 
yellow liquid; m.p., —38*C.; b.p., 215-216 ?C.; d2,, 0.9835; n3, 1.5421. ltissomewhat 
soluble in most organic solvents. Diethylaniline is usually prepared by henting ani- 
line hydrochloride with excess ethyl alcohol under pressure at 180°C. It may be 
separated from monoethylaniline by careful fractional distillation or by any of the 
methods used for separating mono- from dimethylaniline. Diethylaniline is used for 
the preparation of Brilliant Green (C.A. 662), Ethyl Violet (C.I. 682), Acid Violet 
(C.I. 698), Iris Violet (C.I. 847), and Celestine Blue Ὦ (6.1. 000). 

Ethylbenzylaniline (EBA, N-ethyl-N-phenylbenzylamine), C FsN (CF) CHa- 
CyHs, formula weight 211.29, is a light yellow, oily liquid; brno, 286°C.; ba, 186°C.; 
liquid at 0*C.; dP, 1.034, It is practically insoluble in water, soluble in 4.4 parts of 
alcohol, and soluble in most of the organie solvents. Bthylbenzylaniline is prepared by 
treatment of ethylaniline with benzyl chloride in the presence of soda solution. For 
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this purpose, crude ethyluniline may be used and the resulting ethylbenzylaniline 
separated from dicthylaniline by fractional distillation. Fthylbengzylaniline is an inter- 
mediate in the preparation of such dyes as Acid Green GG (CLI. 670), Xyleue Blue AS 
(C.T. 673), ud Neptune Blue B (CT. 714). 

Diphenylamine, CHi NTIC Hs, formula weight 169.22, is à white erystalline prod- 
uet: with a floral odor, darkening on exposure to light; m.p., 58-54°C.; b.p., 302°C. 
It is practically soluble in water, but is quite soluble in most organic solvents. 
Since diphenylamine is a weak base, it forms salts only with strong acids. It is pre- 
pared by heating aniline hydrochloride with a small excess of aniline at 210—240?C. 
under 6 atm. pressure. Residual aniline is extracted with dilute acid and the weakly 
basie diphenylamine is distilled for purification. Jt is used as a stabilizer for nitro- 
ecllulose and celluloid, and also as an intermediate for such dyes as Metanil Yellow 
(C.I. 138), Aniline Yellow (CLI. 148), Cureumine (C.Z. 144), Alkali Green (CL. 665), 
Cottou Brown (CLL. 938), and Pyrogene Indigo (C.J. 961). Diphenylamine is used 
for the preparation of the insecticide phenothiazine, CsHsNHC,HAS. Also known as 


LLL -ᾱ 
thiodiplonylamine, this compound is prepared by the reaction of diphenylamine with 
sulfur (13). 


C-ALBKYL DERIVATIVES 


The C-alkyl derivatives of aniline are very useful intermediates, particularly in 
the field of dyes, where they find use in almost every known class of colors. 

Toluidines. The three isomeric monoaminuotolucnes are prepared by iron. aud 
dilute acid reduction of the corresponding nitrotoluenes. "The nitrotoluenes are pre- 
pared by nitration of toluene and separated by Iraetional distillation. 


CH: CTI, CIT. 
΄ y H: A q ) 
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(IV) o-Toluidine (V) m-Toluidine (VL) p-Toluidine 


o-Toluidine (o-methylaniline) (IV), formula weight 107.15, is a light yellow 
liquid that darkens readily on exposure to light or air; b.p., 200-202?C.; flash point, 
87*C.; d$, 1.008; n», 1.5688. It is slightly soluble in water (8% at 25-30°C.), but is 
soluble in dihite acids and most organic solvents. o-Toluidine is used as an inter- 
mediate in the preparation of Chrysoidine (CJ. 60), Oil Yellow OB (C.F. 61), Brilliant 
Crocein 9B (CI. 318), Safranine T (C.I. 841), Methylene Blue T (C.T. 925), and 
Methyl Indigo B (C.I. 1192), Naphthol AS-D, Naphthol AS-GR, Naphthol AS-LB, 
Rapid Fast Brown IBH, Rapid Fast Brown GGH, Rapidogen Orange G, Rapidogen 
Red G, Rapidogen Green B, and Rapidogen Brown TB. 

m-Toluidine (m-methylaniline) (V) is a colorless liquid; it solidifies at about 
—50°C.; b.p., 208-204°C.; di, 0.990; »7, 1.5711. It is slightly solnble in water, but 
is soluble in dilute acids aud most organie solvents. It is used as an intermediate in 
the preparation of other organic compounds and dyes, such as Union Red (C.7. 266). 

p-Toluidine (p-methylauiline) (VY) is a solid appearing as white lustrous needles; 
m.p., 44-45°C.; b.p., 200-201°C:. It is soluble in about 135 parts of water and quite 
' soluble in dilute acids and most organic solvents. It may be separated from a mixture 
containing the ortho isomer by the addition of enough oxalic acid to precipitate the 
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more insoluble para isomer. It, is very useful as an intermediate, particularly in dyes, 
where it is used in the manufacture of such colors as Primuline (C2. 812), Indamine 
6R (CT. 868), Alizarine Trisol R (CZ. 1073), Alizarine Astrol B (CZ. 1075), Cyan- 
anthrol R, (CJ. 1076), Alizarine Cyanine Green G (C4, 1078), Anthraquinone Violet 
(C.I. 1080), Alizarinc Viridine FF. (C.7. 1084), Alizarine Sky Blue B (CI. 1088), and 
Alizariue Rubinole G (C.Z. 1001). 

Xylidines, or monoaminoxylenes, are used to a considerable extent as intermediates 
in the produetion of azo dyes, aviation gasoline additives to raise the octane rating, 
rubber accelerators, wood preservatives, Wolting agents for textiles, antioxidants for 
paint pigments, and frothing agents in ore dressing. 

Mixed xylidines, containing varying amounts of the six isomers, are produced by 
nitration of commercial xylene and reduction of this mixture. The major portion of 
mixed xylidines is m-4-xylidine, and this can be separated from the mixture as the 
acetate by means of acetie acid. Adclition of hydrochloric acid to the remainder 
separates out the p-2-xylidine. On concentrating the filtrate and subliming, the m-2- 
xylidine bydroclioride is sublimed off. The residue is then made alkaline and steam- 
distilled to drivo over the remaining xylidines. These are converted to the formyl 
derivatives. The o-3-xylidine erystallizes out whereas the e-l-xylidine remains liquid, 
Both may be hydrolyzed to the free base by menus of alecholic caustic soda (9). 
Mixed xylidines are used in the preparation of Sudan IT (CJ. 73), Wool Searles & 
(C.I. 76), and Resorein Brown (CT. 234). 
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(X) m-4-Xylidine (XI) m-5-Xylidine (XII) p-2-Xylidine 


o-3- X ylidine (2,3-xylidine, 2,3-dimethylaniline, wic-o-xylidine) (VID), formula 
weight 121.18, is a líquid; b.p. 221-222?C.; «dj; 0.001. Its acetyl derivative melts at 
135°C, , 

o-4-Nylidine (3,4-xylidine, 3,4-imethylaniline, as-o-xylidine) (WITT) is a solid; 
m.p., 51°C.; b.p., 226°C. It may be prepared by nitration of pure o-xylene and 
subsequent reduction, or by bromination of pure o-xylene and replacement of the 
bromine by means of ammonia under pressure. It is used as a starting material in the 
manufacture of riboflavin (vitamin Ba). 

m-2- Xylidine (2,6-xylidino, 2,6-dimethylaniline, eZe-in-xylidine) (IX) is a liquid; 
bas, 214°C. Its acctyl derivative melts at 177?C. and its benzoyl derivative at 168- 
168.5*C. On oxidation it gives rise to sn-xyloquiuone. 

n-4- Xylidine (2,4-xylidine, 2,4-dimethyyliuiline, as-m-xylidino) (X) is a liquid; 
bas, 216?C.; dP5, 0.0783; «2, 1.5007. Its acetyl derivative melts at 129-1309?C.. aud 
its benzoyl derivative at 192°C, m-4-Xylidine may be separated from those xylidines 
having a free position para to the amino group, such as p-xylidine, by treatment with 
formaldehyde; it docs not react and may be steam-distilled off. 
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m-6- Xylidine (8,5-xylicline, 3,5-dimethylaniline, sym-m-xylidine) (XI) is an oil; 
b.p., 220-2219C.; d$, 0.9935. It is prepared by deamination of 5-nitro-4-amino-1,3- 
dimethylbenzene and subsequent reduction. Iis acetyl derivative melts at 144°C. 

p-2- Xylidine (2,5-xylidine, 2,5-dimethylaniline, p-xylidine) CXTD is a solid; m.p., 
15.5?C.; b.p., 218.5°C.; di’, 0.9790; ni), 1.5593. lt may be prepared by nitration of 
pure p-xylene and subsequent reduction. Itis moderately soluble in water. On oxida- 
tion with chromic acid it yields p-xyloquinone, Its acetyl derivative melts at 189°C. 
and its benzoyl derivative at 140°C. Tt is used for the preparation of Diamine Beta 
Black B (C.I. 549) and Naphthogene Blue 4R (C.I. 534). 

In 1945 there was produced in the U.S, 487,000 lb. of xylidines, of which 92,000 
Ib. was m-4-xylicdine and 17,000 lb. was p-2-xylidine. 

Cumidines find very little technical use. o-Cumidine (o-isopropylaniline) (XIII), 
fonnula weight 135.20, is à liquid; bz, 214°C.; bi, 95?C.; df, 0.0760. Its acetyl 
derivative melts at 72°C.  p-Cumidine (p-isopropylaniline) (XIV) is a liquid; b.p., 
225°C.; di’, 0.953. Its acetyl derivative melts nt 102.5?C. and its benzoyl derivative at 
162?C. Both the ortho and para isomers are obtained by nitrating isopropylbenzeue 
and reducing the resulting mixture of o- and p-nitro derivatives. Oxalie acid preeipi- 
tates out the more insoluble para isomer. Pseudoeumidine (2,4,5-trimethylaniline) 
(XV) is obtained by nitration of pseudocumene and subsequent reduetion; m.p., 
68°C.; b.p., 234-235°C. It is soluble in 0.8 part of water at 20°C. Oxidation with 
chromic acid yields p-xyloquinone. Acetylpseudocumidine is used as an intermediate 
in the manufacture of Cumidine Searlet (CLZ. 80). 


T Tt 
H4C—C—-ClHa . . IhC—C—ClH 
o" ( ) 

ΝΑ 
NIT; 
(XIID. o-Cumidine (NIV) p-Cuntidine 
CH, Cus 
CH; ΄ wn 
HN HOL , CIL 
CH, Y 
(XV) Pseudocumidine (XVI) Mesidina 


Mesidine (2,4,6-trimethylaniline, aminomesitylene) (XVI), formula weight 
135.20, is au oil; b.p., 232-233?C.; dj, 0.0633. It acetyl derivative melts at 216— 
217°C. and its benzoy! derivative at 204°C, It is obtained by nitration of mesitylene 
and reduction to mesidine. Mesidine is used in the manufaeture of Acid Rosnmine A 
(CLE, 759). . 


ALKOXY DERIVATIVES 


C-Alkoxy derivatives of aniline are in general useful intermediates, especially in. 
the dye, pharmaceutical, and perfume fields. 

Anisidines. The three isomerio anisidiues may.be regarded as monomethoxy 
derivatives of aniline or as monoamino derivatives of anisole, CgH,OCH3. 

o-Anisidine (o-methoxyaniline (XVII) formula weight 123.15, is a yellowish 
liquid becoming brownish on exposure to air; m.p., 5°C.; b.p., 225°C.; dig, 1.098. 
It is practically insoluble in water, but is soluble in dilute acids and most organic 
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solvents. Tt ean be prepared by nitration of anisole and separation of the resulting 
isomers, by methylation of e-vitrophenol, or by action of methanol auc caustic on o- 
nitrochlorobenzene, i in each case with subsequent reduction by iron and dilute acid. 
Tt is also known as Fast Red BB Base, and if is used as un intermediate in the prepara- 
tion of such dyes as Chrome Bast Yellow 2G (OCF, 112), Sudan R (CLE, 118), Croecine 
Scarlet 10B (C.7. 291), Diamine Fast. Yellow 4G (CI. 340), Naphthol AS-OL, and 
Rapidogen Red R. 


OCH, ` OCTIs OCH, 
NH. C ( N 
NH: ο 
NH 
(XVID o-Anisidine (XVII) m-Aniridine (XIX) p-Anisidine 


m-Anisidine (m-methoxyaniline) CXVEITD) is a oily liquid remaining fluid at 
—10°C.; b.p., 251°C. Ibis not very soluble in water, but is quite soluble in dilute 
acids and most organie solvents. It is prepared by the methylation of m-aminophenol. 

p-Anisidine (p-methoxyaniline) (XIX) is a white erystallme material; m.p.. 
57°C.; b.p., 246°C. It is quite soluble in water and organic solvents, and is prepared 
ina manner similar to o-anisicine, except that the para isomer is used. It is used as an 
intermediate in the preparation of such dyes as Naphthol ASS8G and Rapid Fast Pink 
LB. . ` 

Phenetidines. The three isomeric phenetidines are the ethyl analogs of the 
anisidines and are derived from phenetole, CgHsOC EI. Ouly the ortho aud para forms 
are of any importance. 

o-Phenetidine (o-ethoxyaniline), (XX), formula weight 137.18, is a colorless 
liquid that rapidly becomes brown on exposure to light or aiv; it solidifies helow 
~20°C.; b.p., 228-230°C. It is insoluble in water, but is soluble im dilute acids and 
most organic solvents. It is prepared in a manner similar to o-anisidine, and is used as 
à dye intermediate in the preparation of Rapid Fast Orange RA, Rapid Fast Searict: 
RA, and Rapidogen Scarlet R. 


OCSTIs Ομ τς 


NH, 
M 
NH 
(XX) o-Phenetidine (XXD p-Phenetidine 


p-Phenetidine (p-ethoxyaniline) (X°XI) is a colorless liquid becoming red to 
brown on exposure to light and air; m.p., about 8°C.; b.p., 253-255°C. Tt is insoluble 
in water, but is soluble in dilute acids and most organie solvents. It is prepared in a 
manner similar (o o-anizidine oxcept that the para isomer is used nnd ethyl is substi- 
tuted for methyl. Tt is a very useful intermediate, bheing employed in the manufacture 
of acetophenetidin (m.p., 134—135?C.) (see Analgesics), pheuocoll (aminoacctopheneti- 
din), phenagaine, dulcin, aud various dyes, among them Alizarine Yellow 5G (6.1. 122) 
and Fast Acid Blue R (C.I. 760). 

Cresidine (5-methyl-o-anisidine, 1-amino-2-methoxy-5-methylhenzene) (XXII), 
formula weight 137.18, is a white crystalline product; m.p., 51.5°C.; b.p., 235°C. 
It is prenared by nitration of p-cresol, methylation of this product, aud reduction with 
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iron and dilute acid. It is used for the preparation of various azo dyes, such as Eos- 
amine B (C.I. 119), Coccinine B (CJ. 120), and Diamino Fast Violet BBN (G.I. 325). 


ÁN rar 
eo OCH NH: 
H d - 
i NO, 
(XXID. Crosidine... (XXEID) 2-Amino-4-nitro-1-1-propoxybeuzeno 


5-Nitro-2-n-propoxyaniline (2-amino-4-nitro-1-n-propoxybenzene) (XXITD, for- 
mula weight 196.20, whieh has been prepared by Verkade and his co-workers (11), is the 
sweetest substance on record (see Sweelening agents), and leaves no bitter aftertaste. 
Ti is an orange material (m.p., 47.5-48.5°C.) and is 4100 times as sweet as sucrose. 
In order to prepare this ether, 2,4-dinitrochlorobenzene is treated with alkali propoxide 
Lo form 2,4-dinitropropoxybengene. This is then reduced with sodium disulfide at 
70-90°C. in propyl aleohol to form 2-amino-4-nitropropoxybenzene (1). Analogous 
ethers are the methyl (220 times as sweet as sucrose), eblry! (950), n-butyl (1000), iso- 
propyl (600), and allyl (2000). 
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ANILINE DYES 
The term “aniline dyes” popularly includes not only dyes derived from aniline and 
its derivatives, but the entire field of synthetic organic dyes. See Dyes. 

ANILS 


Anils are Schiff bases (called also azomethine hages) having the general forniula 
RN==CHR’, in which R is an aryl group (Ar) and R’ is aryl or alkyl. The anils are 
derived from aniline (q.v.) or substituted anilines. 
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Tho anils are colored crystalline compounds soluble in alcohol and ether and in- 
soluble in water. They are wéak bases, forming salts (such as hydr ochlorides) in non~ 
aqueous meditums. They are moderately stable to aqueous alkali but are casily hydro- 
lyzed by aqueous acid to the amine and carbonyl compound used in their formation. 
On eatalytic hydrogenation they yield N-substituted anilines, some of which can be 
conveniently prepared by this method: 

ArN:CIHR -E ly —-—> ArNHCILR 


The anils are prepared by the condensation of aromatic primary amines (sec 
Amines) such as aniline with aldehydes (q.v.): 
ArNH, - RCHO ———> ArN: CHR -+ Π.Ο 


An aromatic aldeliyde such as benzaldehyde readily yields an anil. Condensation of 
aniline with aliphatic aldehydes (for example, formaldehyde and acetaldehyde) results 
in the formation of more complex products (see Amino resins). Ketones also condense 
with primary aromatic amines to yield similar compounds, but higher temperatures 
and eatalysts (zine chloride ov iodine) are required: 


ANIL + RR’GO > AN:CRR' + ILO 
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ANISALDEHYDE, p-CH,OCsHiCHO. See Aldehydes; Perfumes; | Phenolie alde- 
hydes. 

ANISE; ANISERD OIL. Sce Oils, essential. 

ANISIDINE, CH4OC&,H4,NHs. See Aniline. 

ANISOLE, C.H;OCH;. See Phenolic ethers. 

ANISYL ALCOHOL, p-CH;0C,HiCH.OH. Sce Alcohols. 

ANKERITE, (Ca,Mg,Fe)COs. See Calcium compounds. 

ANNABERGITE, Ni(AsO;)s.8H,0. See Nickel. 

ANNATTO. Bce Colors, food. 

ANNEALING. See Alloys; Glass. 

ANORTHITE, CaAlSinOs. See Silica and silicates. 


ANTACIDS, GASTRIC 


Gastric antacids are substances employed to diminish the quantity of hydrochloric 
acid in the stomach. They accomplish this by three different mechanisms. The 
first is direct neutralization; compounds in this elass aro sodium bicarbonate and 
magnesium oxide. The second mechanism is a buffering of the gastric acid, nor- 
mally pH 1-2, to a lower hydrogen-ion concentration; compounds in this clays are 
sodium citrate and magnesium trisilicate. The third mechanism combines adsorp- 
tion of the hydrogen ions of hydrochloric acid, buffering, and partial neutralization 
of the acid; substauces in this class are hydrated aluminum oxide and gastric 
mucin. Hach mechanism in the counteracting of excessive gastric acidity has its 
specific advantages (see also “Buffers”? under Hydrogen-ion concentration). 

Gastric autacids constitute one of the largest classes of medicinal substances 
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"employed in inedicul practice and by the laity, They are used specifically in the 
treatment of gastric hyperacidity and “peptic weer.” Gastric hyperacicdity gives 
rise to the symptoms of fullness after eating, gastric distention, cructation (beleh- 
ing}, and “heartburn.” Frequently the simple reduction of the hydrochlorie acid. 
content of the stomach by any of the foregoing mechanisms will provide relief. 
The term “peptic ulcer? is used £o designate à localized destruction in the mucosa of 
the gastrointestinal tract which is bathed by the gastric juice, Hence it includes 
gastric and duodenal teers, which are believed to be caused by an imbalance of the 
reciprocating autonomic nerve supply of the stomach and duodenum. This results 
in a diminished supply of blood to areas of the mucosa bathed with a gastric juice 
rich in hydrochloric acid and pepsin. TErosion and frank ulceration occur, which 
may proceed through the muscular walls of the tract, producing perforation. The 
healing of the ulcer is dependent upon the neutralization or buffering of the acid for 
long periods, along with other therapeutie incasures, such as rest, bland diet, anti- 
spasmodic drugs (belladonna or its alkaloids), aud sedatives. 

Gastric utbacids may be divided into two classes with respect to their thera- 
peutic classification. These classes are the systemic antacids or alkalolic agents and 
the local antacids. The first class of compounds is readily absorbed from the gastro- 
intestinal tract. Sodium bicarbonate, sodium citrate, and sodium acetate are all 
typical members of this class. The absorption of the sodium ion augments the 
alkaline reserve of the blood and may produce alkalosis, whieh is characterized by 
headache, abdominal pain, nausea, and vomiting. The power of the hlood to combine 
with carbon dioxide is materially augmented. The second class of antacids contains 
'eations which are poorly absorbed, and hence these compounds have no direct 
effect upon the acid-base equilibrium of the blood. Examples of this class are 
magnesium oxide, ealeium carbonate, and aluminum hydroxide gel. 


Commonly Used Gastric Antacids 


Sodium Bicarbonate, U.S.P., NaHCOs (sce also Sodéwn compounds). Sodium bi- 
arbonate is a white, erystalline powder. Itis soluble in ten parts of water at 25°C. ; 
hot water decomposes it. A 0.1 AZ solution of sodium bicarbonate exhibits a pH 
of 8.3. As an antacid it is administered dissolved in water or compressed in tablets. 
The average dose is 1 gram. This quantity will neutralize approximately 120 ml. of 
0.1 N hydrochloric acid. Sodium bicarbonate has the advantage of, prompt neu- 
tralization of acid according to the equation; NaHCO, + HCl— NaCl + HO + 
COT. It is unable to produce a prolonged buffering effeet. and, further, frequently 
produces gastric distention through the liberation of carbon dioxide. The com- 
pound has the capacity of alkalinizing the stomach to pH 8.3 and thus definitely in- 
activating pepsin; this can be undesirable. In addition, clinical investigators hold 
the view that alkalinizing the stomach with a substance like sodium bicarbonate 
auses the subsequent secretion of an excess of hydrochloric acid, so-called “acid 
rebound.” When the acid of the stomach does not react with ingested sodium bi- 
rarbonate, each ion is absorbed as such, and the alkali reserve of the blood is aug- 
mented. 
Magnesium Oxide, U.S.P., MgO (see also Magnesium compounds). Mag- 
nesium oxido (magnesia) is a fluffy, white, insoluble powder. It reacts slowly with 
hydrochloric acid: MgO -++ 2 HCl MgCl + H:0. In the intestine it is likely 
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that a second reaction oecurs between the newly formed magnesium chloride and the 
bicarbonate in the intestinal juices: MgCl, 4- 2 NaHCO; — MgCO; 4- 2 NaCI 
+ CO + H0. The compound is administered in powdered form. The cose is 
-0.25 gram; in larger doses, such as 3 grams, magnesium oxide produces catharsis, 
One gram of magnesiuin oxide will neutralize approxtmately 600 ml. of 0.1 N hydro- 
ehlorie acid. "Phe magnesium ion is poorly absorbed from the gastrointestinal traet, 
and therefore magnesium oxide l'allain the category of locally acting antacids. 

Magnesia Magma, U.S.P. This preparation is an aqueous suspension of mag- 
nesium hydroxide, Mg(OH), containing approximately 896 of the base. It is 
generally prepared by hydrating magnesium oxide with steam under pressure, or by 
double decomposition of a magnesium salt and sodium hydroxide. "The pH of the 
aqueous suspension is approximately 10.6; it possesses a large reserve acid-eonsum- 
ing capacity. The mechanisin of ils action is similar to that deseribed under 
magnesium oxide, The dose of the magma as an antacid is 4 ml., as a laxative 15 
ml.; 10 ml. of magnesia magma will neutralize approximately 270 ml. of 0.1 N hydro- 
chlorie acid. 

‘alcium Carbonate (Precipitated), U.S.P., CaCO, (sce also Cadeciwin compounds), 
Precipitated caleium earhonate used for medicinal purposes is à white, mieroerystal- 
line powder. It is very sparingly soluble in water. With hydrochloric ueid of the 
concentration in the stomach, calaium carbonate acts slowly according to the equa- 
tion: CaCO, + 2 HCl — CaCl + CO, -+ Π.Ο. The compound is usually 
administered in the form of powder or diseoid wafers; dose, 1 gran. | This quantity 
of calcium carbonate will neutralize approximately 200 ml. of 0.1 NM hydrochloric 
acid, Calcium carbonate is a nuonsystemic antacid. After neutralization, the 
resulting calcium chloride remains, for the most part, unabsorbed, and is excreted 
in the feces. Precipitated caleium carbonate hag largely replaced “prepared 
chalk,” which is a native form of caleium carbonate, 

Magnesium Trisilicate, U.S.P. (see also Silica and silicates), Magnesium tri- 
silicate or metasilicate has the approximate composition Mga8iOs.nHyO or 2 MgO.- 
38i00.nH20, It is not a native magnesium silicate, but is prepared by slowly 
adding aqueous solutions of various sodium silicates to aqueous solutions of mag- 
nesium sulfate (3). The resulting precipitate is washed free of sulfate. Mag- 
nesium trisilicate is a fine, white, odorless, tasteless powder [ree [rom grittiness. It 
is insoluble in water but is readily decomposed by mineral acids. THis aclininistered 
as discoid tablets or powder. The compound reacts slowly with hydrochloric acid: 
Mg2808.nH20 -- 4 HO — 2 MgCl + 3 SiOs(n + 2)H20. The dose of mag- 
nesium trisilicate is 1 gram; this quantity neutralizes approximately 155 ml. of 0.1 
N hydrochloric acid. Magnesium trisilicate is an example of a local-acting antacid. 
The compound becomes gelatinous in the presence of gastric juice, owing to the 
formation of hydrated silicon dioxide. This latter substance serves ag an adsorbent 
for toxins and is said to be valuable in coating the crater of nleers, thus protecting the 
irritated mucosa from the digestive action of pepsin aud hydrochloric acid. Mag- 
nesium trisilicate is extensively used and gives prolonged neutralization of gastric 
acid, 

Aluminum Hydroxide Gel, U.S.P. (sce also A luminum compounds). Aluminum 
hydroxide gel (dry) was first used as an antacid in the United States in 1929. As 
used medicinally, the compound is a hydrated form of aluminum oxide, yielding upon 
ignition not less than 50% of AlaOs. The dried gel is à white, odorless, tasteless, 
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amorphous powder.  Itisnsolublein water but soluble in dilute solutions of mineral 
acids and. fixed alkalies. The substance is administered as discoid tablets, or as an 
aqueous suspension of 3.6 to 5.5% of the hydratecl oxide. The dose of dry, hydrated 
aluminum oxide is 1 gram; this quantity is capable of buffering approximately 250 
ml. of 0.1 N hydrochloric acid to pH 4 within one hour at 37.5°C. The aluminum 
hydroxide gel partially neutralizes and partially adsorbs the gastrice acid (0). It never 
produces an alkaline reaction and hence does not produce the so-called ‘acid re- 
bound." This antacid produces prolonged buffering of gustrie acicl, but as with mag- 
nesium trisilicate, the onset of action is slow. The compound has been considered to 
produce constipation in certain individuals. It is a nonsystemic antacid, - 
Aluminum Dihydroxyaminoacetate. Recently a new type of gastrice antacid 
was prepared by Krantz, Kibler, and Bell (2) l'or use in hyperacidity and peptic 
weer. This compound, often called “basic aluminum aminoacetate,” was prepared 
by the following reaction of the aluminum derivative of isopropyl aleshol with 
aminoacetic acid (glycine): 
((CH),CHO)3Al + NELCH:COOH + 2 HO ———> AI(OH),OOCCILNT ἠ- 3 (CH) :CHOH 


lt is a white, impalpable powder with a bland taste. Tt is insoluble in water, but 
mixes easily with it to form suspensions which do not readily separate. An aqueous 
suspension (1 in 25) at 25°C. exhibits a pH of 7.4. This compound is administered 
in tablet form under the trade-marked name of Alglyn. The dosage is 0.5 to 1 gram; 
the latter quantity of this substance will buffer npproximately 200 ml. of 0.1 N hydro- 
chlorie acid to pH 4 at 37.5°C. in one hour. Aluminum dihydroxyaminoacetate gives 
immediate (4) and prolonged (2) neutralization of gastric acidity according to the 
following equations: 

(2) Al(OID;OOCCTENTIs -+ HC » AI(OH)S)OOCCHSNHs.HCI 

(2) AL(OH),OOCCH,NH,.HCl 4- 31TICI ——— AIOl + 3:0 -- HOL.NH;CH;COOH 





This compound is used as a nonsystemic gastric antacid (5). Recently it has been 
employed as a carrier for oral penicillin (1), in order to protect penicillin from 
destruction by the gastric acid. : 

Gastric Mucin, N.N.R. Gastric mucin is a product obtained by digesting the 
linings of hog stomach with pepsin and hydrochlorie acid, and precipitating the 
mucin from the supernatant fluid with 60% alcohol. The product is a white to 
yellow powder or brownish-yellow granules. ‘he use of gastric mucin is based 
upon the fact that mucus formed by gastric secretory cells is demulcent and capable 
of buffering acid. It is usually administered in the form of a bulk powder; the 
average dose is 2.5 grams, One gram of dried mucin buffers approximately 15 ml. 
of 0.1 N hydrochloric acid. The value of gastric mucin in the healing of experi- 
mentally produced ulcers was demonstrated by Orndorff, Fauley, and Ivy (4). 
The product has proved to be valuable clinically, but exhibits a distinct disadvantage 
from an esthetic standpoint, as it is characterized by a peptone-like odor and taste. 
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ANTACIRON. See Iron alloys. 

ANTERIOR-PITUITARY HORMONES; ANTERIOR-PITUITARY-LIKE (APL) 
HORMONES. See Hormones. 

ANTHANTHRONE DYES. See Anthraquinone dyes. 


ANTHELMINTICS 


Anthelmintics are by definition substances used for the treatment of infections with 
helninths, that is, porasitie worms. Many of these drugs have been used since 
ancient times, the earliest record being found in an Kgypliii papyrus of the 16bh 
century B.C., whieh mentions the use of pomegranate Dirk for worm disease, The 
Greeks used various species of cl rdenista from which santonin is derived, ax well as 
fern roots related to those now supplying us with aspidium. They and later 
physicians used other less speeifie drugs, but apparently Avicenna (about A.D. 1000.) 
was the first to distinguish between drugs with true anthelmintic action specifically 
affecting the worms, and drugs with only purgative action that aided in moving the 
worms out of the digestive tract. During the 17th century the heavy metals began to 
come into use as unthelmintics and many new plant produets were introduced. In 
spite of this use of anthelminties through the centuries, the worms were still considered 
the result rather than the cause of the disease until the middle of the 19th century, 
when Bilharz and Griesinger concluded that Egyptian chlorosis was eaused by hook- 
worms. Soon thereafter Küehemneister showed experimentally that helminths ave 
self-perpetuating infections, nnd he also undertook studies on the effects of various 
substances on worms 7p vitro, With this rapidly developing scientific knowledee re- 
garding the nature of the worms and their relation to disease, Judgment as to the 
value of anthelmintics became more critical, Widespread interest in bookworm disease 
stimulated the introduction of many new drugs, which began with: thymol in. 1881. 
The world-wide hookworm campaigns of the present century, stimulated for the most 
part by the work of the Rockefeller Y'oundation, mude possible statistieal studios of 
the effects of treatment of large numbers of people under controlled conditions. In 
the meantime laboratory methods of testing drugs had. been. greatly improved, es- 
pecially through the introduction of “vritical testing" by Hall and his colleagues, and 
through the combination of pharmacological, chemical, and helminthologie studies 
undertaken by Lamson and his co-workers, 


Types of Anthelmintics 


Anthehninties ean be divided into two classes. Those in the first class are 
used against worms living in the lumen of the digestive tract and are usually given 
by mouth or, occasionally, by rectum. Obviously the most desirable druge for this 
purpose are compounds which are not readily absorbed, but will remain in an active 
hut nonirritative state as they pass through the tract. ‘he systemic toxicity of each 

_ drug, if it should be absorbed, is as important a factor as are the conditions favoring 
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its absorption, The second class of drugs contains those used agaiust worms that 
are located in other parts of the body and can usually only be reached by intra- 
venous or intramuscular injections. The pharmacological action of this second 
group of drugs is natr.zally quite different from that of the first elass, and the major- 
ity are compounds of heavy metals. 


Classification of Helminths 


The worms themselves nre divided into three classes. For the most part individual drugs are 
not highly effective against more than one of these classes, although there are a few striking excep- 
tions. Tn fret, many drugs are highly specific, being effective only for very closely related species. 
The first class comprises the roundwormis or nematodes, Among the human parasites are included: 
the large common roundworm, Ascaris; the hookworms, Necator and Ancylosloma; the whipworm, 
Trichuris; the pinworm, Mnterobius; the intestinal worm, Strongyloides; the porkworm or trichina, 
Trichinella; wnd several filaríal worms ineluding W uchereria, Ouchocerca, and Loa loa. All of these 
are intestinal worms except the last group, the filarial worms, whiel are tissue parasites (comprising 
several species) and are located in the lymph glands or in the subeuntancous connective tissues. More- 
aver, although T'richinella eun be classed as an intestinal worm, the damage is not done by the adults 
living in the intestine, but by the larvae passed by the female into the wall of the intestine and dis- 
persed by way of the blood stream to the muscles. The adults have usually left the body by the time 
diagnosis is made, so the problem becomes oue of attacking the blood and tissue phases. Little 
progress has been made in this direetion. The secoud group consists of the tapeworms or cestodes, 
which include the following human parasites; the beel nnd pork tapeworms, Taenia saginata and 
T. solium; the fish tapeworm, Diphyllobothrium; and the dwarf tapeworm, Hymenolepis. Ail of 
these are intestinal parasites. Occasionally the intermediate stages of tapeworms, as hydatid cysts, 
occur in humans, especially iu tlie liver. No satisfactory chemical agent for arresting the growth of 
these cysts is known. The third group consists of the flukes or trematodes, whieh include among the 
forms oceurring in man: the large intestinal fluke, Pasciolopsis; the small intestinal flukes, Zetcrophyes 
and, Metagonimus; the lung fluke, Paragonimus; the liver flukes, Clonorchis and Opisthorchis; and the 
blood flukes, Seh7stosoma, the last-named comprising three species which eause one of the most im- 
portant trapieal diseases and live within the blood vessels of the walls of the intestine or bladder, 


Veterinary Anthelmintic Problems 


The anthelmintic problems of veterinary medicine are more varied than those 
of human mediciue for two reasons. First, the lower animals present anatomical 
complications, such as the more complex digestive tract of ruminants. For ex- 
ample, dtugs cannot always be passed directly into the abomasum or fourth stomach 
where most of the worms are located, since food is ordinarily swallowed into the first 
stomach. During the lapse of time before it arrives in the fourth stomach there 
may have been an undesirable absorption of the drug or change in its chemical com- 
position. The second reason is that domestic animals harbor a much wider variety 
of parasites than do humans. While many of the parasites of domestie animals are 
either elose relatives of the above-mentioned parasites of man or else have similar 
habits, there are a few belonging to dissimilar groups, such as the kidney worm of 
dogs and swine, and the gapeworms that attach themselves within the trachea of 
poultry. On the other hand, a greater number of drugs is available for use in 
veterinary medicine than in human medieiue because the toxicity is not always so 
important. Except in pet practice, the death of a small percentage of animals as a 
result of treatment is usually only à monetary loss which can be mathematicaliy 
balanced against the damage done by the parasites to the entire herd. 
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Chemical Structure and Efficacy 


The large number of substances used as anthelminties (11) have varied in 
efficiency from zero to almost 100%, but the majority have heen worthless [or one 
reason or another. Out of this vast number, those thak are now in common use in 
human aud veterinary medicine will bevemphasiged here, Briefer mention will be 
made of those important in the past but now supplanted, and of those now showing 
some promise but still in the experimental stage. The drugs will be cliscussed in an 
order more or less related to their chemical structure. A great deal of study has 
been given to the relation of the effectiveness of anthelmintics to their molecular 
structures. It is only within homologous series of chemical compounds that some 
correlation has becu found between the effect on a particular species of worms and 
the number ol certain groups in the molecule. For example, the efficacy of cehlorin- 
ated alkyl hydrocarbons agaiust the hookworms of dogs was found to be intimately 
linked with water solubility, whieh in turn varies with the ehemieatl struebure of the 
moleeule (22). In the case of the alkyl phenols, however, the meling point is at 
least as important as the solubility, anc, although the property of killing ¢ vitro the 
roundworm Ascaris is associated with the presence of hydroxyl groups, the di- 
hydroxybenzenes are not strikingly more effective than monohydroxybeuzenes (7). 
Efficiency increases with lengthening alkyl chains in the phenols and resoreinols, 
reaches a maximun, and then falls off in the higher members of the series. Among 
the salts of heavy metals, the effectiveness ig related Lo the specific uptake of metallic 
ions by the worms (12), but little correlation with the molecular structure has been 
shown. 


Tests for Efficacy 


There are no satisfactory laboratory tests for determining the efficiency of 
anthelmintics. In vitro testing of the action of drugs on orgunisms only reniotgly 
related to parasitic worms has not been of much value because of the specifie nature 
of the action of anthelmintics. Similar studies on parasites closely related to 
those of humans haye been useful in revealing factors in the mechanism of the action 
of anthelmintics, but even here the correlation with effecta zm vivo has not always 
been high. Most testing has therefore bean done on domestic animals or on labora- 
tory animals harboring parasites closely related to the human helminths. The most 
exact method for testing drugs against worms located in the lumen of the intestine 
is known as “critical testing” and consists of giving a test dose, recovering and count- 
ing the worms subsequently passed in the stools, then killing the animal to determine 
what proportion of the worms were not removed. Tor humans, two methods have 
been used. The "standard treatment" method consists of giving a test drug, re- 
covering and counting the worms pasyed, and comparing this number with the 
number passed after a subsequent treatment with a drug of known efficiency. The 
other method consists of counting the number of worm eggs passed in the stools by 
the use of a dilution technique, giving the test dose, redetermining the egg output, 
and expressing the results in terms of the percentage reduction of egg output; this 
reduction can be assumed to be roughly related to the proportion of worms removed. 

In testing anthelmintics it is necessary to guard against misleading results due 
to spontaneous loss of worms. For example, the reaction of the inmune host in 
suddenly ridding itself of worms may be ag dramatic ay cliroct, chemical action, as is 
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witnessed by the so-called “self-cenre” of sheep (21). Moreover, because of tho elose 
tie between immunity and diet (4), merely putting the animal under test conditions 
can result in tlie expulsion of worms. Finally, there are a number of substances not 
properly classed as anthelminties that have the power of ridding the host of its 
parasites, as in the observed expulsion of nearly all of the inLeslinal worms of hogs 
that were placed for several days on a dict consisting exclusively of skim milk (20). 
Such effects are based on physiological rather than direct chemical action but might 
confuse the picture in a testing experiment. 


Common Anthelmintic Drugs 


A. INORGANIC COMPOUNDS 


Copper sulfate, U.S.P. NTL, has heen used against sheep stomach worms for over 
half a century and also against other intestinal worms of sheep. One of its ad- 
villages seems to be that it stimulates the closure of the esophageal groove so that 
the drug passes directly into the abomasum or fourth stomach, It has been used 
more recently in combination with uicotine sulfate to remove sheep tapeworms of 
the genus Moniezia. Small doses of copper sulfate are sometimes given merely to 
cause other drugs to pass directly into the abomasum. 

Sodium arsenite (2) has been given by mouth to sheep under conditions pre- 
cluding much absorption, and, especially in South Afriea, it has been used in com- 
bination with copper sulfate as a specific for wireworms. 

Carbon disulfide has been used to a limited extent in veterinary meclicine, 
especially lor the roundworms of borses and the stomach worms of swine. 

Sodium fluoride, administered as 1% of the feed, has recently proved highly 
efficacious against ascarids and stomach worms of swine, and produces no toxic 
symptoms at this concentration, 


B. ORGANIC COMPOUNDS OF HEAVY METALS 


The organic compounds of heavy metals, particularly antimony (ee Antimony 
preparations), comprise a very large and very important group of anthelmintics 
applicable to worms located outside of the digestive tract. Of these the one most 
widely used in human medicine is antimony potassium tartrate (tartar emetic, 
U.S.P. XIID. To cite a single instance, the Egyptian government has used. it in 
mass treatment of vast numbers of people infected with blood flukes (Sehistosoma) 
for twenty or more years. According to reports received from there shortly 
before World War II, about 300,000 persons were being treated each year. Three 
intravenous injections per week for four weeks are required, with an extra week 
if viable eggs are still passing. The large number of contraindications, the 
frequent interruptions duc to toxic manifestations, and the occasional deaths 
occurring as & result of treatment have clearly indicated that this drug is far from 
satisfactory. Its efficiency can only be roughly assessed at about half of that which 
might be expected from a satisfactory drug. Except iu large-scale use in organiza- 
tions having pharmacists to kocp freshly prepared solutions on band, this drug has 
been largely replaced by the more expensive, but more convenient Fuadin [sodium 
antimony(IIT) bis(pyrocatechol-2,4-disulfonate), N.N.R.]. Fuadin is stable, can 
be kept ready for use in ampuls, can be given intramuscularly without sloughing or 
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necrosis, and only three-fourths as many closes are needed. A more important factor 
is that the less frequently oeeurring signs of toxicity permit the full course to be 
completed in a larger number of cases, and thus, from a practical standpoint, the 
“average overall effentivenoss is greater,  Occastonally deaths occur following its use, 
and much is left to he desired in the matter ol toxicity as well as effectiveness. — Fua- 
din has also come inte extensive use in the treatment of heartworm (Dirofilaria) in 
dogs (23). It and several other compounds containing trivalent or pentavalent 
antimony have reeeived some experimental testing in the treatment of human 
filariasis (2,27) and in the treatment of animal filariasis preliminary to use for human 
treatment (13). Of these the most promising seem to be Authiemaline (lithium 
antimony(IITI) thiomalale) (1), Neostum (Stibamine ghicoside), and Neostibosan 
(diethylamine ‘salt. of p-aminobengenestibonie acid) (3). As a result of a single 
course of treatment with these drugs, the blood of à few persons has remained free of 
mierofilariae for several mouths, and the number lias been redueed in others, but a 
partial return toward the former level las oeeurred in some cases. Whether the 
adult worms were killed or reudered temporarily or permanently ineapable of re- 
production has not yet been determined. Moreover, since clephantiasis, whieh is 
the most serious manifestation of filariasis, appears in only a small percentage of 
infeeted persons and then only years later, the ultimate advantiges or dist vintages 
of treatment aimed at killing the worms are still uncertain. 


ϱ HALOGMNATED HYDROCARBONS 


Among the many hydrocarbon derivatives used, only the aliphatic halogenated 
hydrocarbons are of real value. Carbon tetrachloride, N.F. VIII (¢.0.) has been 
used against numerous worms of man and animals, but especially in the treatment. of 
hookworm infections. ven though it is the most efficient drug for the removal of 
hookworms and has been given to millions of people throughout the world, its 
toxicity has caused it to be supplanted by newer drugs. Tt causes à central neerosis 
af the liver which is usually repaired without symptoms, bul in persons with à low 
calcium reserve carly toxie. effeets are eonumon aid have led to many deaths (15). 
Other deaths were due to its propensity to stimulate roundworms (Asearis) to 
wander through the stomach und esophagus causing strangulation in small children, 
or, where many were present, to become tangled in a ball and block the intestine (9). 
During the later yems of its popularity it was given more successfully in reduced 
doses combined with ehenopodium, Both drugs are now virtually out of use because 
of their toxicity. 

Tetrachloroethylene, U.S.P. XTII (seo Chlorine compounds, organic) has replaced 
carbon tetrachloride and seems to he about three-fourths as effective. Since it is 
not as toxic as carbon tetrachloride (10), a second dose can be given to raise the 
effectiveness. It has been very widely used for many years with few reports of ad- 
verse effects, although, as à matter of precaution, most physicians pive an ascaricide 
first if roundworms are present. [t often produces mild anesthetic effects, and six 
vases of complete anesthesia of short duration and uneventful recovery are on record 
(10). In vetorinury medicine, hexachloroethane given in an aqucous suspension of 
bentonite is coming into considerable favor for the treatment of liver flukes of cattle 
and sheep (17). Butyl chloride and n-butylidene chloride are used to a limited ex- 
tent, especially for treating horse strongyles. 
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D. PHENOLS 


Of the three important phenols (q.2.) once used as anthelmintics, two lave gone 
out of use with the advent of more efficient, and less toxic drugs. Thymol was 
introduced ag soon as the clinical importance of hookworm was reeognized, and its 
use was greatly stimulated by the interest in hookworm treatment in the United 
States early in this century. About that time B-naphthol (sce Naphthols) cmne to 
share its popularity until the introduction of carbon tetrachloride in the 1920's. 
Hexylresorcinol, U.S.P. XIII, CeHigCsHy(OH)a, is now one of the most important an- 
thelmmintics. It is not readily absorbed if given as pure erystals iustead of in oil as for 
other purposes (8). Tt is about 90% effective against ascarids, somewhat less effec- 
tive against hookworm, and it produces no toxie effects. Mouth burns occurred 
when pills were chewed, and it is now supplied in hard coatings under the name of 
Crystoids. It has virtually replaced all other drugs for use against ascarids. Its 
safety, lack of contraindications, and ease of administration have also made it the 
drug of choice for treating hookworm disease às far ts most: private practitioners 
are eoneerned. — It is used for a few other wornis in human aud veterinary medicine, 
and its chief drawback is its relatively high cost. 


E. 'TERPENES 


The active principles of several plaut products used as anthelmintics are ter- 
penes (q.9.). Turpentine, of which the active principle is probably pinenc, has been 
much used in veterinary medicine and still is favored for pinworms in horses and for 
a few other purposes. Ascaridole, a terpene peroxide, the active principle of oil of 
chenopodium, is also the toxic factor. This drug is the best ascarictde known and is 
also very effective against hookworms, but its use has been virtually discontinued by 
those who have investigated tts toxic effects. There is but a small margin of safety 
between the therapeutic and the toxic dose many case, anid tb has also caused deaths 
for no known reason even when given in therapeutic doses. Santonin, & bieyelie ses- 
quiterpene derivative from Artemsia species, is a time-honored anthelmintic which 
was dropped from the U.S.P. XIT because of recent information showing it to be only 
weakly effective but quite toxic to the nervous system in a few individuals. 


T. ALKALOIDS 


Nicotine sulfate has long been used for stomach and intestinal worms of 
ruminants, and more recently its efficiency has been increased by combining it with 
copper sulfate. Arecoline, obtained from the areca nut, and more especially its 
hydrobromide, is widely used for the removal of tapeworms of dogs and cats. 
Pelletierine (the tannate is preferred to other forms and was specified in U.S.P. XII) 
is obtained from the pomegranate and has been used for the treatment of tapeworms 
since ancient times. It has gradually gone out of use in recent years because of its 
toxicity and relative inefficiency. Spigeline is probably the active prinerple found in 
Spigelia or pinkroot, known to the Cherokee Indians, and weakly effective against 
roundworms. It has never been very popular, and it is no longer used because of 
its toxicity. See also Alkaloids. 


G. ENZYMES 


One of the few anthelmintics whose mechanism of action is known is ficin, the 
active ingredient of leche de higueron, which is the latex of a tropical American fig, 
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Ficus glabrata. The enzyme altacks the protein of the worm, but, unfortunately 
does not spare the intestinal mucosa. The crude latex seems safer to use, however, 
and is the only drug with any appreciable effectiveness against the hunan whip- 
worm, Trichuris. No satisfactory means of preservation has been found, so the 
drug is available only where it can be obtained fresh or shipped under refrigeration, 


I. PLANT PRODUCTS 


Many plaut produets besides those mentioned in connection with their active 
principles have been used as anthehninties, but only a few are now of importance, 
Aspidium obtained from. Dryopleris filizmas (or male fern) and closely related ferns 
is the most effective drug l'or use against: tapeworms in humans, but a safer drug is 
badly needed. U.S.P. XIU. specifies the oleoresin of aspiclium containing 24% of 
erude filiein, which apparently is the active principle although the drug contains 
several other possible agents. Pepo, or pumpkin seed, is a relatively ineffective home 
remedy for tapeworms; some. authors do not class rt as an anthelmintic but attribute 
its weak auction to the mechanical effect of broken shells. Pyvethrins from Dalma- 
tinn insect powder have been of limited use in veterinary medicine (18). 

L DYRS 

Chief among the dyes eoming into recent, use as suthelminties in human medi- 
cine is gentian violet. (methylrosauiline ehloride U.S. P. NIIT) (see Trzphenylmethane 
dyes), which is considered to be the best available drug for use agaiust pinworms and 
Strongyloides. Τὺ is administered in a series of small doses in pills coated so as to 
dissolve in 4.5 hours, thus passing the stomach intact and avoiding the production of 
nausea. For refractory cases of Strongyloides, the same dreug in pills coated so as to 
dissolve in 1.5 howrs is used, or it is given in the form of intravenous injections. 
These injections are also given when the worms are located in the lungs or elsewhere 
outside of the lumen of the intestine. In veterinary medicine, phenothiazine, 
Cole NH. Cela. (see Icteracyclic compounds), the parent compound of thiazine 








dyes, is widely used (14) and seems to give more satisfactory results in a siugle large 
dose. It is used against the roundworms found in the intestinal tract of swine, 
horses, and ruminants (5,6), but bas been of little use in human medication because 
of its toxicity (16). 
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J. ALLEN SCOTT 


ANTHOPHYLLITE, (Mg, Fo)SiO»(OH) See Asbestos; Silica and silicates. 


ANTHRACENE 


Anthracene (paranaphthalene), CHo (see formula I, showing the assumed location 
of the double bonds, and formula I, showing the numbering of the carbon atoms: 
the 1, 4, 5, and 8 positions are also called alpha; 2, 3, 6, and 7, beta; 9 and 10, 
meso), formula weight 178.22, forms colorless, monoclinic leaflets or tablets, which 
have a pronounced violet fluorescence when pure. It is the parent compound of a 
large number of dyes (see Anthraquinone dyes), Authracene was discovered as a con- 
stituent of coal tar by Dumas in 1832. 


8 9 1 
AN ENNAN: 
(I) (1) 
ΑΝ NIS SN A 
0 4 


5 l 


Properties 


Physical. | F.p.,216.4-210.7?C.; b.p., 339.9?C. at 760 mm.; d, 125; specific 


heat of solid, 0.840 eal./gram (20-150°C,), 0.361 cal./gram (20-210°C.); specific heat 
of liquid, 0.5 cal./gram; heat of fusion, 38.7 cal./gram. The solubilities of anthracene 
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in various solvents at several temperatures in grams per LOO grams of solvents are re- 
ported in the accompanying ible. 


"Pemporiatiure, °C 





Solvent 770 [| πα | a0 (0 80. |] — 75 100 
Benzene 0.6 1.0 2.1. | | - 8.35 -- 
Toluene τ 0.5 - τοπ -— 12.9 
Chloroform — 0.8 1.6 Τι ooo 

, Acetone — 0.6 |.4 2.5 | = - ~-= 
Carbon tetrachloride — 0.7 1. 1.3 — m 


. Chemical. Anthracene is converted to dianthracene by passing ils vapor over 
a platinun spiral heated to 700-800? or by exposing a bengene solution to ultraviolet 
light al room temperature. It is oxidized readily to anthraquinono by a wide variety 
of oxidizing agents. It is reduced to 9,10-diliydroanthracene by sodium in ether, in 
alcohol, or in liquid ammonia. Clilorination gives a variety of products depending 
upon the conditions used. Sulfonation with chlorosulfonie acid ov fuming sulfuric 
acid in glacial acetic acid at 95° gives a mixture of the 1- and 2-sulfonic acids. 


Manufacture 


The only source of anthracene of any importance is epal tar (see Tar and pileh). 
It has been synthesized by several methods, but none of these is of preparative value. 
It is present in different coal tars in varying proportions ranging from about 0.5 to 
1.5%. The distillation of coal tar yields “anthracene oil,” also called ‘green oil,” 
which constitutes approximately 0% of the tar, Tt has a boiling range of about 300- 
360°, and contalus 5 to 10% of anthracene, Ou standing, this oil deposits “anthra- 
cene salts,” which are separated by filter pressing or by centrifuging. These salts 
contain 10-20% of anthracene together with phenanthrene, earbazole, acridine, and 
smaller amounts of other materials. The anthracene content of these salts ean be 
raised to about 40% by hot or cold pressing and washing with solvent naphtha or 
ereosote oil, The product is sometimes sold and used in this condition. 

There is no standard practice for the preparation of pure (00-95%) anthracene. 
It ean he obtained by crystallization of the anthracene salis from pyridine bases, or 
from other solvents (such as furfural, tetrahydrofufuryl aleohol, chlorobenzene, 
dielilorobeuzene, diacetone alcohol, or cresylie acid) in whieh carbazoale and phe- 
nanthrene are more soluble than anthracene, There are several methods of removing. 
the carbazole from the erude salts; by leaching with liquid ammonia or acetone; 
by fusing with potassium hydroxide to form potassium carbazolate, which is heavier 
than anthracene, phenanthrene, ete., and layers out; and by extracting a benzene 
solution of the erude salts at 20-80° with 80-86% sulfurie acid te form a solution of 
carbazole sulfate. The crude anthracene, essentially free from carbazole, obtained 
by any of these procedures, can be brought up to 90-95% purity by crystallization. 
from aromatic hydrocarbons such as solvent naphtha. Small quantities may be 
obtained analytically pure by chromatographic adsorption. The crude carbazole and 
erude phenanthrene obtained as by-products can be worked up to recover theso 
compounds, or they can be added to ercosote ofl Anthracene is sold on a purity 
basis as 90%, 80%, or 40% anthracene, l 
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ANALYSIS 


There are two important procedures for the determination of anthracene. 
The better known of these is based on the oxidation of the sample with chromie acid 
in glacial acetic acid to convert the anthracene to anthraquinone, which precipitates 
upon dilution with water and is filtered, washed with hot water and hot 1% sodium 
hydroxide solution, dried, redissolved in oleum, roprecipitated by dilution, filtered, 
washed, dried, and weighed. This method will report any hydroanthracene present 
in the sample as anthracene, The other procedure is based on the reaction of the 
anthracene in the sample with maleic anhydride in xylene solution, followed hy 
hydrolysis of the unreaeted maleic anhydride and titration of it with standard alkali. 
The presenee of bases interferes with this method, but for semirefined and refined 
products it is much faster than the older method of determination. 


TONICITY 
Because anthracene is relatively nonvolatile, no appreciable health hazards are 


involved in its handling. Exposure to anthracene vapor or to powdered anthracene 
followed by only moderate exposure to sunlight may cause severe sunburn. 


Uses 


Onee the chief sonree of anthraquinone for dyes, anthracene at present ix not 
an important article of commerce. It has been employed as a stabilizing agent to 
inhibit gum formation in gasoline, and is used as a minor source of anthraquinone 
and other dye intermediates. Various coating compositions contain anthraccue to 
increase the life of the film by absorbing ultraviolet rays. It is used as a constituent 
of insecticides and fungicides, in the production of synthetic tanning agents, and in 
the formulation of printing inks. 


Bibliography 


(1) Barnett, Ij. de B., Anthracene and Anthraquino ne, Bailliére, Tindall & Cox, London, 1921. 

(2) Beilatein, 4thed., Vol. V, p. 657; 1st Suppl., Vol. V, p. 321; 2nd Suppl., Vol. V, p. 569. 

(3) Clark, J. M., Ind. Eng. Chem., 11, 201-209 (1910). 

(4) Fieser, L. I, “Theory of the Structure und Reactions of Aromatie Compounds, 
Organic Chemistry, Wiley, N.Y., 1943, Vol. I, p. 164. 

(5) TIouben, J., Das Anthracen und die Anthrachinone, dwards Bros., Ann Arbor, Mich., 1929. 

(6) Huntress, E, H., and Mulliken, S. P., Identification of Pure Orgunic Compounds, Wiley, N.Y., 
1941, p. 517. 

(7) Postovskif, I. Y., and Khmelevskit, V. I., Trudy Ural. Ind. Inst im S. M. Kirona, 1938, No. 6, 
64-60; Khim. Referat. Zhur., 2, No, 2, 85 (1939); C.A., 34, 690. 


" in Gilman, 


T. A. KARNATZ 


ANTHRACITE. See Coal. 

ANTHRACOSIS. See Industrial hygiene. 

ANTHRAFLAVIC ACID, HOCsH;(CO).CsH:OH. See Anthraquinone derivatives, 
ANTHRAGALLOL, C4H4(COJSCS4H(OH)s. Bee Anthraquinone derivatives, 
ANTHRANILIC ACID, o-NHSCG4H4,COOH. — Bee Acids, carboxylic;  Beonzoie acid. 
ANTHRAPURPURIN, HOCGHa4(CO),CcHS(OIH)a. Sco clathraquinune derivatives. 
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NTHRAQUINONE 


Anthraquinone (9,10-dilydro-9,10-diketoanthracene), CuEsOs (I), formula weight 
208.20. Only the 9,10-isomer is of importance. Anthraquinone crystallizes in 
pale-ycllow needles; in very finely divided form, as obtained by precipitation from 
sulfurie acid solution by dilution with water, it is practically colorless. It is used 
principally as an intermediate for vat, wool, mordant, and cellulose acetate dyes and 
pigments (see Anthraquinone derivatives; Anthragquinone dyes), and as à vattiug 
assistant to confer better dyeing properties on other vat dyes (see Dye application). 

While alizarin (q.v.), the 1,2-dihydroxy derivative of anthraquinone, has been 
known from ancient times (madder dycing), authraquinone itself was first. prepared by 
Laurent in 1835 by oxidation of anthracene with nitric acid. Following the syn- 
theses of alizarin by Perkin and by Gracbe and Liebermann, interest in anthra- 
quinone increased rapidly, The three subsequent major steps in the history of 
anthraquinone are: (7) the discovery of the first utilizable anthraquinone acid wool 
dye by Laubmann iu. 1893, (2) the discovery of the tremendously inportant. anthra- 
quinone vat dye, Indanthrene Blue R, by Boln in 1901, nnd (8) the eatalytie syn- 
thesis of phthulie anhydride from naphthalene (7), whieh made practicable a simple 
synthesis of anthraquinone of high quality and in high yield (see “Manufacture,” 
page 945). 


Physical and Chemical Properties 


M.p., 286°C.: b.p. 380?C.; it sublimes readily (see below), and does not 
fluoresce. It is insoluble in water, sparingly soluble iu. low-boiling solvents, and 
moderately soluble in high-boiling aromatic solvents such as aniline and nitroben- 
zene, It is soluble in concentrated sulfuric acid Ly formation of the oxonium ion 
(IL), and its existence as this ion probably accounts for tho widely different results 
obtained by treating it with various agents in sulfuric acid in contrast to other 
solvents. 
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Anthraquinone is a very stable compound, practically unuttaeked after several 
hours at 450°C. even in the presenee of air and moisture (5). Caustie fusion pivos 
hengoic acid, and strong oxidation gives phthalic acid with great difficulty. Anthra- 
quinone sulfonates with difficulty, but best in the presence of free sulfur trioxide at 
around 200*C.; 60-8095 oleum brings about both sulfonation and oxidation to 
hydroxy derivatives at lower temperatures. Without « catalyst, high-temperature 
sulfonation gives first the 2(or 8)-monosulfonie acid, then tbe 9,6- and 2,7-disulfonic 
acids in approximately equal proportions, the ratio being affected only slightly by 
changes in temperature. With a small amount, of mercury salt as catalyst, sulfona- 
tion in the e-positions oceurs almost exclusively: first to the L(or o)-monosulfonie 
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acid, then to the 1,5- and 1,8-disulfonic acids with smaller amounts of the 1,6- and 
1,7-somers, Anthraquinone nitrales readily in sulfuric acid to tlie 1(or @)-mono- 
nitro and 1,5- and 1,8-dinitro derivatives. The yields of nitre compounds are prae- 
tically quantitative, but it is difficult. to obtain the mononilro derivative without 
considerable dinitration at the same time, even when insufficient nitric acid is used. 
Halogenation gives a mixture of products difficult to separate; however, 1,4,5,8- 
tetrachloroauthraquinone is prepared by this means under carefully controlled 
conditions in good purity wid in rather poor yield. 

Reduction leads to à variety of products. Sodium hydrosulfite (Na28.0,), the 
reducing agent used technically both for anthraquinone itself and the anthraquinone 
vat dyes, gives a clean reduction (vatting) to the disodium salt. of anthrahydro- 
quinone (9,10-anthradiol, anthraquinol) (III), tautomerie with oxanthranol (IV). 


OH ο 
acid 
(III) See ` alkali ΤΩ (IV) 
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Other reducing agents give anthranol (9-anthrol) (V), anthrone (VI), dianthra- 
quinony! (bianthraquinone), anthracene, and hydrogenated anthracenes. 

In most respects anthraquinone does not react like a true quinone: it is not 
reduced by sulfnr dioxide; it forms no phenylhydrazone, and forms only a mionoxime 
with difficulty. It does form a dianil. Anthrahydroquinone in alkaline solution is 
readily and cleanly oxidized back to anthraquinone by a stream of air or other 
oxidizing agents. 


Manufacture 


Anthraquinone can be made by two general methods, ouly the first of which is 
used in the United States. 

Phthalic Anhydride Synthesis (by the Friedel-Crafts reaction (g.v.)). Phthalic 
anhydride, benzene, aud anhydrous aluminum chloride in the molecular proportions 
1:1:2 are charged into a horizontal iron ball-mill type of reactor fitted with iron 
balls or rods to facilitate mixing and a hollow vent shalt for the escape of hydrogen 
chloride (9). During rotation of the mill, a temperature of 40—50?C. is maintained. 
The charge goes through a viscous, spongy stage, swelling to several times its initial 
volume, forms the aluminum chloride complex of o-benzoylbenzoie acid and gives off 
slightly more than the theoretical amount of hydrogen chloride, which is absorbed 
by ascrubber. As the reaction ends, the charge becomes a dry, free-flowing powder, 
an. essential feature for the operation of this type of reactor. The charge may then 
be dropped into a tight container for cooling, or directly into chilled dilute acid 
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solution to decompose the aluminum chloride complex and precipitate the o-benzoyl- 
benzoic acid, which is filtered off, washed free from acid and aluminum compounds, 
and dried. The yield is about 96% of the theorctieal. With too high w reaction 
temperature or less than the stipulated amonnt of aluminum chloride, a by-product, 
diphenylphthalide, is formed; but, when properly conducted, the reaction is an ex- 
cecdingly clean one. For an alternate, wet-phase reaction in an execss of benzene, 
see “2-Chloroanthvaquinone” under Ardhraquinone derivatives, 
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To form anthraquinone itself, the. dry: o-benzoylbenzoie acid is dissolved in 
concentrated sulfurie acid and the solution is heated (9). With four parts of 95% 
sulfuric acid per part of keto acid, in an ordinary sulfonator, the reaction is conplete 
in one hour a£ 130?C.; with 98% acid, the rexetion is complete in three hours at 
115°C., or the temperature may be raised to 150° with reduction of reaction time to 
less than one hour. The yield is practically quantitative. The anthraquinone is 
finally precipitated hy pouring the acid solution into boiling water and cooling; it is 
then filtered, and washed acid-free. liven with only three parts of acid, the yield is 
almost as high; and with this limited amount of solvent about half of the anthra- 
quinane formed erystallizes out on cooling in a state of high purity. This can be 
filtered, or the entire batch can be run into boiling water as before. 

While for dye manufacture the anthraquinone is often not isolated and purified, 
in some eases itis finally purified by sublimation. The sublimer may be a cast-irou 
kettle equipped with heating jacket, stirrer, and a perforated pipe for the introduc- 
tion of superheated steam, and connected to a condenser equipped with a water 
spray (10). Anthraquinone is added to the kettle in small charges, the interior of 
the kettle is maintained at 300-850°C., and the residue is drained out as it acen- 
nulates. Superhested steam blown into the kettle serves both as & source of direct 
heat anc as a carrier for the anthraquinone vapors. A continuous sublimer has been 
patented (11) in which a thin layer of anthraquinoue on à eoutinuous belt passes 
over suitable heaters and sublimes rapidly into a large receiver. The condensed 
anthraquinone is formed in niccly crystalline eonditiou, and needs only to be filtered 
and dried. For special textile uses, however, a very fine paste is desirable; this can 
be obtained by diluting the anthraquinone with a large amount of steam and chilling 
suddenly with à large amount of cold water (8). Purifieation by reerystallization 
from high-boiling solvents has also been described but is not nsed commercially. 

Oxidation of Anthracene (q.v.). This is the classical method for making 
anthraquinone, and it is still used outside of the United States, It is economically 
feasible if: (7) the anthracene content of the coal tar used is not too low; (9) the 
other constituents of the coal-tar fraction, notably carbagole, are to be utilized; and 
(8) the coal tar cannot be botter utilized, for example, for road surfacing, with the 
anthracene left in it. 

Anthracene is readily converted to anthraquinone by many methods: by 
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'ehromie or nitric aeid, hy oxygen in a vapor-phase reaction, or electrolytically with 
a ceric sulfate catalyst. The customary process uses a suspension of finely divided 
withracene and chromic acid. Unless quite pure anthracene is used, the anthra- 
quinone so formed has to be purified to a greater extent than when it is made from 
phthalie anhydride. The yield (actual) is good. 


GRADES AND ANALYSIS 


Grades are technical and sublimed, 99.5% pure, sold in 125-Ib. barrels at about 
70¢ per lb, A80% paste is «old iu 600-Ib. barrels. : 

The purity of anthraquinone may be determined by reducing it to anthrahydro- 
quinone and back-titrating with standard permanganate, or by reducing, filtering, 
reoxidiging, and weighing the precipitated anthraquinone. 


General Economic Aspects 


As the sturting material for a large group of important dyes, the position of 
anthraquinone isstrong. It has been, and will continue to be, closely linked with the 
position of phthalie anhydride; for example, during World War II there was keen 
competition for phthalic anhydride between anthraquinone production on the one 
hand (for use in Vat Khaki and other dyes for textiles and for colored signaling 
smokes), and on the other hand for resins and plasticizers. 
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Homologs 


2-Methylanthraquinone is made by a synthesis similar to that of anthraquinone 
but with toluene in place of benzene. 
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The 4/-methyLo-benzoylbenzoic aeid (o-(p-toluyl)beuzoie acid) is ring-closed in 
concentrated sulfuric acil to 2-methylanthraquinone. <A yield of 93% of the 
theoretical is obtained. 

The corresponding 2-etlrylanthraquinoue was used by the Germans in World 
War II iu a process for making hydrogen peroxide for V-homb propellant: the 
ethylanthraquinone is reduced to the leuco compound, which is oxidized back to 
ethylanthraquinone by blowing in air, with the simultaneous formation of some 
hydrogen peroxide. 


Sulfonie Acids 


The sulfonie scids of anthraquinone are strong acids, soluble in water, very 
hygroscopic, and hence difficult to isolate as such, All the possible monosulfonic 
acids and the disulfonic acids having only one acid group on each ring have been 
isolated, but the most important industrially are the l(or α)- and 2(or 8)-mono- 
and the 1,5- and 2,6-disulfonic isomers. Compounds containing two sulfonic groups 
on one ring are difficult to prepare without breakdown of the anthraquinone struc- 
ture. 

The principal method of preparation of all of these acids is by direct sulfonation 
of anthraquinone with oleum. While sulfonation with extremely strong oleum, 
especially in the presence of boric acid, is aeeompanied by oxidation Gntroduction of 
hydroxyl groups), under the preferred conditions the only two complicating factors 


TABLE 1. Anihraquinonesulfonie Acids. 


















Compound Mon, °C. Mm OF aid 
1-Sulfonie acid 218 214. Sulfonation of anthraquinone in presence 
of mercury l 
2-Sulfonie acid — 197 Sulfonation of anthraquinone in absence 
. of mereury 
L,5-Disulfonic acid 311 285-270 Sulfountion of anthraquinone in presence 
(with deeompn.) | (with accompn.) of mereury 
1,8-Disulfonie acid 204 223 Sulfonation of snthraquinone in presence 
(with decompn. | (with decompn.) of mereury 
2,6-Disulfonie acid Decompn, 250 Sulfonution of anthraquinone in absence 
of mereury ᾿ 
2,7-Disulfonic acid Deeompn. 186 Sulfonation of anthraquinone in absence 
of mereury 
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are (1) the formation of disulfonie acids when the mono acid is sought, and (2) the 
formation of isomers in disulfonation, the 2,6-acid being accompanied by an approx- 
imately equal weight of the 2,7-isomer, and the 1,5-acid by large amounts of the 1,8- 
(which in some cases can be used with the 1,5-), and smaller ainounts of 1,6- and 1,7- 
isomers. 

Sulfonation without a catalyst gives beta acids almost exclusively, but a trace 
of mercury causes alpha substitution, as Iljinski found in seeking the reason for a 
suddenly lowered yield of alizarin from 6-sulfonic acid (5); 1% of mercury in the 
reaction mixture gives almost entirely the e-isomers, 

Isolation of a sulfonic acid is normally accomplished by drowning the batch in 
water and precipitating the product as its alkali metal sali. As might be expected, 
the salts of the mono acids are less soluble than the disulfonates, and hence can be 
precipitated preferentially by adjusting the temperature, volume, and concentration 
of alkali metal ion. It is also possible to precipitate the avid itself as its oxonium 
salt by partial dilution of the concentrated sulfuric acid solution (21). Typical 
processes for the most important acids are given below. 

2-Anthraquinonesulfonic Acid. Anthraquinone is added to an equal weight of 
25% oleum at room temperature in a sulfonator equipped with stirrer and heating 
jacket, and the batch is heated to 135°C. in 1.5 hours, stirred at that temperature 
for 3 hours (during which 0.4 part more of 40% oleum is added), und finally heated 
at 140°C. for 1 hour. "he bateh is drowued in cold water, then heated with live 
ateain to coagulate unsulfonated anthraquinone (which is filtered off for re-use), 
and the beta sodium sulfonate is salted out with common salt, filtered, and dried if 
desired (3). "The product erystallizes in silvery plates and hence is usually called 
“silver salt.” Deliberate undersulfonation is necessary to minimize disulfonation, a 
typieal product balanee being 5075 anthraquinono, 3995 8-monosulfonie aeid, 4975 
disulfonic acids, and 7% loss (very soluble acids and hydroxylated by-products). 
An interesting alternative process for the 6-monosulfonic acid comprises replacement 
of the chlorine in 4/-chloro-e-benzoylhenzoic acid by the sulfonic acid group with 
sodium sulfite, then ring closure to the anthraquinone acid (16); à very high yield 
is claimed, because there is no formation of isomers or disulfonic acids. 

2,6-Disulfonie Acid. The direct sulfonation is similar to the one above, except 
that the reaction is carried out at 190°C. with a 10% excess of 40% oleum until no 
anthraquinone remains; a 40% yield of the 2,6-isomor is obtained (3). The more 
soluble 2,7-isomer in equal amount can be isolated by further salting out. 

1-Anthraquinonesulfonic Acid. Approximately the same conditions are used 
as for the beta acid, except that mercury as such or as one of its salts (which dis- 
solves more easily) must be added, in the proportion of about 1% of the weight of 
the anthraquinone. About 75% of the anthraquinone is sulfonated, with a yield of 
55% (of the theoretical) of the e-sulfonic acid and the balance disulfonic acids and 
hydroxy compounds. Salting out with potassium chloride is preferred (8). 

1,5-Disulfonic Acid. Complete sulfonation in the presence of mercury gives a 
product of the composition 4795 1,5-, 2795 1,8-, and the balance mainly 1,6- and 
1,7-disulfonic acids, 

The value of the anthraquinonesulfonic acids lies in the clean and often easy 
replaceability of the sulfonic groups by.other groups and atoms, a-sulfonic groups 
being more easily replaced than @-sulfonie groups. Thus the g-sulfonie acid is 
converted to 2-hydroxyanthraquinone by lime water and to alizarin by fusion with 
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causiic soda and an oxidant, and the 1,5-acid to anthrarufin (replacement by 
hydroxyl groups); the corresponding amines are formed by reaction of any of the 
aeids with strong aqueous ammonia (see zinnonalysis) in the presenee of an oxidiz- 
ing agent; treatment with various ehlorinating agents replaces the sulfonic groups 
with chlorine atoms, these chloro derivatives often being used to identify the acids 
(15). The 1-anthraquinonesulfonie acids ean. he desulfouated by heating in 80% 
sulfuric acid at 180°C. (1,2), or electrolytically; the sulfonic group is replaced by 
hydrogen (13). The 2,6- but not the 2,7-disulfonie acid loses one sulfonic group 
when heated with acid (1,2). For more uses and reactions of the anthraquinonc- 
sulfonic acids, see the pertinent sections of this article below and Anthraquinone 
dyes. 


Aminoanthraquinones 


The anno derivatives of anthraquinone are strougly colored erystalline solids, 
soluble on reduction by sodium hycdvosulfite (Nas8904), but, in the ease of the simpler 
members, still not capable of dyeing eollulosie fibers. — They are, however, very 
important intermediates [or vat dyes and sulfonated wool dyes. Furthermore, even 
simple aminounthraquinones are exeelleut dyes for eellulose acetate, 

Three types of synthesis are important: (7) anination of chloroanthraquinunes 
and anthraquinonesulfonie acids, (2) amination of hydvoxyanthraquinones, partic- 
warly quinizarin, and (8) reduction of nitroanthraquinones (see Ammonolysis, 
Amination by reduction). Types (1) and (3) are used for J-amino- and 1,5- and 1,8- 
diaminoanthraquiuones, type (7) also for 2-uinino- and 2,0-dliaininonnthraquinones, 
aud type (2) for a variety of 14-diamiuo derivatives (substitution by the amino 
group, by alkylamino, arylamino, and combinations of the three). In type (Z) the 
relative availabilty of the chlore and sulfonic acid starting materials determines 
which is nsed (4); an autoclave is necessary exeept when the volatility of the sub- 
stituting amine is low aud the reaction temperature not too high. 

From Chloroanthraquinones and Anthraquinonesulfonic Acids. The type (1) 
synthesis is illustrated by the following process for 2-aminounthraquinone: 1 part of 
2-chloroanthraquinone (finely divided and preferably never dried), 7.5 parts of 28% 
ammonia solution, and a &nall amount of potassium chlorate are charged into a steel 
autoclave with good stirring, to 70-72% of its capacity. The charge is heated at 


TABLE II. Aminoanthraquinones. 








Anthraquinone M e Color Preferred synthesis 
1-Amino- 253 Orange-red Replacement. of sullonic group 
2-Amino- 302 Orange-yellaw | Replacement of chlorine atom 
1,4-Diamino- 268 Violet Replacement of hydroxyl groups 
1,5-Diunino- 319 Red Reduction of dinitra derivative 
1,8-Diamino- 262 Red Reduction of dinitro derivative 
2,6-Diamino- 310-320 Red-brown Replacement of sulfonie groups 
2,7-Diamino- > 330 Orange Replacement of sulfonie groups 
1,4,4,8-Tetramino- 332 Blue Dinitration of acylated 1,5-diaminoanthra- 


quinone, and reduetion 


196°C., (900 lb. pressure) for 24 hours and discharged as rapidly as possible into a 
receiver. The excess ammonia is distilled off aud recovered, and the alkaline slurry 
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of the well-crystallized brown product is fil£ered to remove soluble hydroxy impuri- 
ties, washed neutral, and dried. The yield is above 90% of the theoretical, purity 
about 97% (4). Usually no purification is necessary before use, Ammonolysis of 
the sulfonic acid at 180°C. gives as good or better yield and purity. The chloro- 
anthraquinone process has the advantage of a cheaper starting material; the 
sulfonic acid process that of lower operating temperature. In the case of 1-amino- 
and heteronuclear ciaminoanthraquinones, the process starting from the corre- 
sponding sulfonic acids is preferred, sinee the chloro derivatives must also be pre- 
pared from the sulfonic acids. The use of an oxidant (chlorate, nitrobenzenesulfo- 
uate, arsenate) is quite necessary when the sulfonic acid is the starting material, 
otherwise the sulfite split off exerts a destructive reducing action. 

From Hydroxyanthraquinones. The following illustrates a type (2) synthesis: 
A mixture of 1 part quinizarin (1,4-clihydroxyanthraquinone), 1.08 parts sodium 
liydrosulfite, aud 4.5 parts of 28% ammonia solution is heated for 6 hours at 80°C. 
in a low-pressure autoclave, cooled, and the produet filtered off. The yield and 
purity are high (4). The hydrosulfite first reduces the quinizarin to the more 
reactive compound usually known as leucoquinizarin, The amination product is 
considered to be 1,4-diamino-2,3-dihydroanthraquinone. It is oxidiged practically 
quantitatively by heating in nitrobenzene at 140°C. with a trace of piperidine as 
atalyst (17), or in sulfuric acid at 200°C.; which method is used depends on the 
physical form desired for subsequent use. 

If the amino reageut 1s p-toluidine, an interesting eyclie process is employed: 
The kettle is charged with approximately 1 part leucoquinizarin to 2 parts quinizarin, 
an excess of p-toluidine, an aqueons alcohol solvent, and boric acid (9). The louco- 
quinizarin and ‘p-toluidine react to form leneo-1,4-di-p-toluinoanthraquinone; the 
latter reduces quinizarin, becoming oxidized itself, and the leucoquinizarin so 
formed continues, to reaet with p-toluidine. Thus the produet formed is already 
largely oxidized (Alizarine Cyanine Green Base). 

Replacemeut of one hydroxyl group in qninizarin by an amino or substituted 
amino group is also industrially important, either for the monoaminated product 
itself or for later replacement of the other hydroxyl group by another amino group. 
Monoumination with ammonia itself, without simultaneous diamination, is difficult; 
a better way to make l-amino-4-hydroxyanthraquinone is by selective deamination 
of 1,4-diaminoanthraquinone (19). Pure monosubstitution by means of alkyl- and 
arylamines is easicr. 

From Nitroanthraquinones. The type (4) synthosis has the great disadvantage 
that the nitration is very difficult to step at the mononitro stage; alsu when a 
diamine is desired, the nitration gives a mixture of chiefly 1,5- and. 1,8-dinitre- 
anthraquinones, not casity separated either as such or after reduction to the di- 
amines. Aside from these disadvantages the nitration of anthraquinone in sulfuric 
acid at room temperature followed by the reduction of the slurry by warm sodium 
sulfide solution is exceedingly casy and gives practically quantitative yields of hoth 
mixed dinitro and mixed cianino derivatives. 


DIANTHRIMIDES 


'The dianthraquinonylamines, or disnthrimides, form an important group of 
intermediates, particularly for vat dyes of Lhe carbazole type (Iudantlrene Olive R, 
Brown R, and Khaki 2G). 1,1'-Dianthrimides are the most important today, and 
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the 4,4’-di(benzoylamino) derivatives of these are used in making many anthra- 
quinone dyes (q.0.). The dianthrimides themselves are vat dyes but not usually of 
good shade or fastuess; however, the very fast wool dye Alizarine Fast Grey 2BI is 
the sulfonation product of 4,4’-diamino-1,1/-dianthrinide. 

Oue general synthetic method (Ulmann reaction) is used to prepare the di- 
anthrimides. It consists of the condensation of an aminoanthraquinone with a halo- 
(usually chloro) anthraquinone in the presence of a copper catalyst and an acid- 
neutralizing agent; if additional free amino groups are prosent, they usually must 
be blocked, for example by beuzoylation, during the condensation. Thus I-benzoyl- 
amino-4-ehloro-, 1-benzoylamino-4-amino-, nnd 1-bengoylamino-5-aminoanthra- 
quinones are prepared from the corresponding amino compounds, usually by treat- 
ment with benzoyl chloride and a catalyst in a high-boiling inert solvent such as 
nitrobenzene; the monobenzoylation of a diamine requires very special conditions. 

A typieal process for making 4,5’-di(benzoylamino)-1,1/-diauthrimide is (18): 
1 part of 1-benzoylaminuo-5-uninoanthraquinone, 1.1 parts of I-benzoylamimo-4- 
chlorosnthraquinone, 0.1 part of cupric chloride, and 1.2 parts of anhydrous sodium 
sarbonate are stirred into 10 parts of nitrobenzene, und the bateh is heated at reflux 
for about 4 hours. The charge ts then cooled to 120°C., filtered out, and washed in 
turn with hot toluene, vteohol, and water, and the product dried ut 100°C. The 
yield is high. Other copper salts or copper itself may be used, and sodium acetate 
may serve as the neutralizing agent. The same process ts used for the preparation of 
important polyanthrimides such as 1,4,5,8-tetraanthraquinonylaminosnthraquinone 
(for Khaki 2G). 

The conversion of 1,1'-dianthrimides to di- and polycarbazoles by ring forma- 
tion across the adjoining beta positions with loss of hydrogen occurs with varying 
ease; when benzoylamiuo groups are present, simple heating in sulfuric acid usually 
suffices, but otherwise x enustie fusion or alumiium ehlorido-sodium chloride melt is 
usually required. 

(o-Carboxyphenyl)anthraquinonylamines are intermediates in the synthesis of 
acridone dyes (Indauthrene Hed Violet RREK and. Violet; BN), and are made by the 
same general method as the diauthrimides, that is, eondeusatiou of I-ehtoroanthra- 
quinone with anthranilic acid. 


Hydroxyanthraquinones 


Of the many known hydroxy derivatives of anthraquiuone, only à few are 
industrially important today, cither as intermediates or as dyes per se, The most 
familiar of all is alizarin (q.v.). Highly hydroxylated anthraquinones were formerly 
widely used as mordant dyes; however, those dyes have been largely superseded. 

Three types of synthesis are important: (Z) nuclear, for example quinizarin 
from hydroquinone or p-chlorophenol, (2) replacement of stlfonie groups, mitro 
groups, or halogen atoms by lime or oxidative causlic treatment, and (8) direct 
oxidation by strong oleum in the presence of borie acid (Bohn-Sehmidt reaction) or 
by other oxidizing agents, as in the preparation of purpurin from alizarin by use of 
manganese dioxide, 

Because of its usefulness as an intermediate, quinizarin (1,4-dibydroxyanthra- 
quinone) is the most important of all, It can be made by direct oxidation of anthra- 
quinone, or, as proof of its structure, from hydroquinone and phthalic anbydride 
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with aluminum chloride, but the commercially important synthesis is similar to the 
following (note the complexity of the reactions dceurring): p-Chlorophenol is di- 
sulfonated with oleum in a cast-iron kettle for about 6 hours at 140?C.; the batch is 
cooled somewhat; phthalic anhydride, borie acid, and sulfuric acid are added; and 
the batch is heated at 195°C. for 10 hours. A copious evolution of hydrogen chloride 
occurs above 150°C. After cooling, the batch is run into a large amount of water in 
a wooden tank, and the precipitated quinizarin is filtered off, washed neutral, and 
dried in an air dryer (6). The yield is about 80% of theoretical. 


TABLE IL. Hydroxyanthraguinones. 


We[ ο 











Anthraquinone Name alor Preferred syuthesis 

1-Hydrosy- Erythrohydroxy- | 198 Orange Lime melt of L-sulfonic acid 

anthraquinone 
2-Hydroxy- — 306 Yellow Lime melt of 2-sulfonie acid 
1,2-Dihydroxy- Alizarin 290 Orange Caustic fusion of 2-ehloro- 
, anthraquinone 
1,4-Dihydroxy- Quinizarin 198 Red Phthalic anhydride + p-chloro- 
phenol 

1,5-Dihydroxy- Anihrarufin 280 Y'ollow Lime melt of 1,5-disulfonie acid 

1,8-Dihydroxy- Chrysazin 193 Yellow-orange | Lime melt of 1,8-disulfonic acid 

2,6-Dihydroxy- Anthraflavie acid | 2-330 Yellow Lime inelt of 2,6-disulfonic acid 

2,7-Diliydroxy~ Isaunthraflavic 330 Yellow Lime melt of 2,7-disulfonic acid 

: acid 

1,2,3-Tri- Anthragallol 318 Orange Pyrogallol + phthalie anhydride 
hydroxy- 

1,2,4-Tri- Purpurin 250 Red Oxidation of alizarin 
hydroxy- 

1,2,6-Tri- Flavopurpurin 360 Yellow Caustic fusion of 2,6-disulfonic 
hydroxy- acid 

1,2, 7-Tri- Anthrapurpurin 369 Orange Caustie fusion of 2,7-disulfonic 
hydroxy- acid 

1,2,5,8-Tetra- Quinalizarin 2215 Dark red Oleum oxidation of alizarin 
hydroxy- 

1,2,3,5,6,7-Hexa- |) Rufigallie acid 250 Red Condensation of 2 molecules of 
hydroxy- gallic acid 

1,2,4,5,6,8-Hexa- | Anthracene Blue — Brown Olcum oxidation of chrysazin 
hydroxy- WR 

















Replacement of other substituents by hydroxyl groups by alkali fusion is often 
accompanied by unexpected side reactions. Thus, fusion of 2-chloroanthraquinone 
or the 2-sulfonic acid, and fusion of 2,3-dichloro- or -dibromoanthraquinone give 
alizarin in all cases. However, hydroxylation of beta positions does not occur during 
replacement of an alpha substituent. Thus, anthrarufin (1,5-dihydroxyanthra- 
quinone) is prepared in high yield by treating the 1,5-disulfonie acid with a lime 
slurry at 190°C. in an autoclave. 

Uses. Alizarin is used as a dye and for the manufacture of purpurin. The 
latter in turn is the starting material for the important wool dye Alizarine Blue- 
Black. Quinizarin is the starting material for a large group of 1,4-disubstituted 
aminoanthraquinones used as cellulose acetate dyes, vat dyes, and after sulfonation, 
as wool dyes, for exainple Alizarine Cyanine Green. Anthrarufin is an intermediate 
in the manufacture of Alizarine Saphirol. Quinalizarin is used in the determination of 
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very small quantities of boron in steel. Ermodin (1,3,8-trihydroxy-6-methylanthra- 
-quinone) is used as a cathartic (q.v.). 


Halogen Derivatives 


Anthraquinone derivatives containing only halogen substituents are frequently 
used as dye intermediates. ‘The I- and 2-monoehloro, 1,5- and 1,8-dichloro, and 
1,4,5,8-tetraehloro compounds are used in the synthesis of vat dyes, particularly of 
the anthrimide-carbazole class. Anthraquinone compounds containing halogens as 
well as other groups are important, and examples are given below. Many halogen 
derivatives are easily prepared by replacement of sulfonic and uitro groups and, 
because of their good melting points, are often useful as checks on purity and 
identity in anthraquinone chemistry. 

Halogen derivatives can be formed by nuclear synthesis, either from halogen- 
ated phthalic anhydrides (which are, unfortunately, not easily prepared except as 
mixtures) or from halobenzenes, in which case, however, the yicld decreases mark- 
edly from monochlorobenzene to o-dichloro- to p-diehlor obenzene. Direct halogen- 
ation of anthraquinone gives mostly mixtures of no value; 1,4,5,8-tetrachloro- 
anthraquinone is at exception. 

The halogen atoms are quite reactive, being replaced, as noted above, by 
hydroxyl and amino groups; alpha halogens are more reactive than beta, and 
bromine more than chlorine. In anthraquinone technology the cheaper chlorine 
derivatives are used wherever possible in preference to the bromine analogs. 


TABLE IV. Halogenated Anthruquinones. 











Anthraquinone Mpa °C. Preferred synthesis 
1-Chloro- 102 Replacement of sulfonic group 
2-Chloro- 210 Phthalic anhydride -+ ehlorobenzene 
2,3-Dichloro- 207 Phthalic anhydride + o-dichlorobenzenc 
1,8-Dichloro- 205 Phthalic anhydride + m-dichlorobenzeue 
1,4-Dichloro- 187 3,6-Dichlorophthalic anliydride -+ benzene 
1,5-Dichloro- 251 Replacement of sulfonic groups 
1,8-Dichioro- 203 Replacement of sulfonic groups 
2,6-Dichloro- 290 Replacement of sulfonic groups 
2,7-Dichloro- ` 210 Replacement of sulfonic groups 
1,4,5,8-Tetrachloro- 339 Direct chlorination of anthraquinone 
1-Bromo- 188 Replacement of sulfonic group 
2-Bromo- 205 ^. Phthalie anhydride --- bromobenzene 
2,8-Dibromo- 283 Bromination of anthracene 





TABLE V. Nitronnthraquinones. 








Anthraquinone M.p,, °C. Proferred synthesis 

1-Nitro- 233 Nitration of anthraquinone 

2-Nitro- 185 Oxidation of 2-aminoanthraquinone 
1,5-Dinitro- 422 Nitration of anthraquinone 

1,8-Dinitro- 312 Nitration of anthraquinone 

2,7-Dinitro- 280 ` Treatment of anthr &cene with dilute nitrie acid 





Of the groatest historical interest is 2,3-dibromoanthraquinone, prepared by 
bromination of solid anthracene followed by oxidation, and used as the starting 
material in the classical first synthesis of alizarin. 
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The most important halogen derivative industrially is 2-chloroanthraquinone, 
which is synthesized from chlorobenzene with phthalic anhydride; since this con- 
densation procecds less readily than that of benzene, a temperature of 75-80°C. is 
recommended. The yield is practically quantitative and the purity 98%. In this 
synthesis the wet condensation, iu an excess of solvent, is said to be preferable. A 
typical set of conditions is the following (14): A mixture of 125 parts of phthalic 
anhydride and 600 parts of chlorobenzene is stirred at 30°C. in a vertical reactor, 
and 250 parts of aluminum chloride is added in such a manner that the temperature 
does not rise above 65°. The hatch is then heated at 75-80? for 1 hour, with provi- 
sion for escape and absorption of the hydrogen chloride evolved. The chlorobenzene 
suspension of the aluminum chloride complex of the o-(chlorobenzoyl) benzoic acid is 
then run slowly into à solution of 420 parts of sodiun carbonate in 4800 parts of 
water a6. 90°C. The excess chlorobenzene is removecl by steam. distillation, and the 
solution of the sodium salt of the keto acid is filtered and neutralized to precipitate 
the free acid, which is filtered off, washed, and dried. Alternatively, the aluminum 
chloride complex can be hydrolyzed in a limited amount of cold acidified water (20), 
from which the free keto acid separates in crystalline form and is isolated in the 
manner just described. The chloroanthraquinone is formed in a similar manner to 
anthraquinone and its 2-methyl derivative, by dehydration of the keto acid in 
sulfuric acid. 

2-Chloroanthraquinone is used iu two very important processes: (1) On fusion 
with sodium hydroxide it gives alizarin. (2) By reaction with concentrated ammonia 
in an autoclave it is converted to 2-aminoanthraquinone, the starting material for 
many dyes. In both cases, 2-chloroanthraquinone has superseded the 2-sulfonic 
acid as the intermediate for these dyes because it can be produced in high yield from 
cheap intermediates. 


Nitroanthraquinones 


The nitration of anthraquinone gives predominantly alpha derivatives. Even 
with a deficiency of nitrating agent, large amounts of dinitro compounds are formed, 
so itis not usually economical to attempt to 1nake 1-aminoanthraquinone by direct 
nitration and reduction, The composition of dinitrated anthraquinones is approx- 
imately 3795 each of 1,5- and 1,8-, 4% each of 1,6-, 1,7-, and 2,7-, and 6% of the 
2,6-isomer. The presence of mercury has no effect in nitration.  2,7-Dinitro- 
anthraquinone is formed by boiling anthracene with very dilute nitric acid for 24 
hours. 2-Mononitroanthraquinone is best made by persulfate oxidation of 2- 
&minoanthraquinone. 

The nitroanthraquinones are pale- to deep-yellow solids. The 1,5-isomer is 
higher melting and less soluble than the 1,8- and ean be separated from it by pro- 
longed alcohol or acetone extraction. The nitro group on the anthraquinone nucleus 
is very reactive, in general more so in the a-position than in the f-position. It is 
replaced by hydroxyl on treatment with pyridine or with sulfuric acid (which often. 
introduces more hydroxyl and sulfonic groups at the same time); by halogens and 
arylamino groups; and by the sulfonic group on treatment with sodium sulfite. 
Nitro groups are readily reduced to amino by adding an excess of sodium sulfide 
solution to a warm slurry of the nitro compound. 

Nitroanthraquinones are used as intermediates in the preparation of several. 
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important dyes: Anthracene Blues, Alizarine Saphirols, Anthraquinone Violet, and 
Algol colors. 

Benzanthrones 


A group of important fast vat dyes have as their starting material 1,9-ben- 
zanthrone (I) (7-oxo-7-benz[de]anthracene (13), C.4.), pale-yellow erystals, m.p. 
170°C. Of several known syntheses, only the one from anthraquinone and glycerin 
is used industrially. Best results are obtained by first reducing the anthraquinone 


O 
o COS OAN = 
Ἢ 


1 
ο ο 
in situ with aniline sulfate or copper powder; the glyceriu is converted to acvolein 
before condensing with the anthrone: 


o 
CH.— CH CH; 
OH OH OH 
ο 
dehydration reduetion 
u H 
CH: = CH — CHO + — 
ο ο 


A typical process follows (11): 8 parta of anthraquinone is dissolved in 44 parts 
of 98-95% sulfuric acid, and 2 parts of copper powder is added in 1.5 hours at 38- 
40°C. When the copper has all gone into solution, a mixture of 4 parts of glycerin 
and 4 parts of water is added slowly, allowing the temperature to rise to about 90°, 
then the batch is heated to 120° in 1.5 hours and stirred at that temperature for 2 
to 3 hours. The batch is cooled, drowned in water, and the crude product filtered 
off and washed with water. It is purified ly boiling with dilute caustic and filtering. 
The product is about 94% pure, and the yield is 89% of the theoretical. 

The above method of preparation is very general; many substituted authra- 
quinones and many unsaturated aldehydes and ketones react in this way. For ex- 
ample, 2-methylbenzanthrone, the starting material for the important sulfur- 
containing anthraquinone dycs Cibanone Blue 8G and Green G, is made from 2- 
methylanthraquinone by this method. 

Benzanthrone is readily brominated iu àn inert solvent, first in the 13-position, 
to give compounds that condense further with axinoanthraquinones to form im- 
portant olive and gray vat dyes, for example, Vat Olive Green B. 
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The best process for isodibenzanthrone (see “Indanthrene Brilliant Violet RR” 
under Anthraquinone dyes) utilizes 183,13'-benzanthronyl sulfide (III) as the key 
intermediate, giving a purer product than the chlorobenzanthrone previously used. 


S 


(IIT) 9 
To prepare it, benzanthrone in chlorobenzene solution is treated with 1—2 parts of 
sulfur monocliloride, and ‘a trace of iodine at about 110°C. until the evolution of 
gaseous hydrogen chloride ceases. The solvent is removed by distillation, impurities 
are extracted by hot sodium sulfide, and the residue is washed neutral and dricd (12). 
The sulfide may also be prepared by treating bromobenzanthrone with sodium 
sulfide. It crystallizes from nitrobenzene as dark-yellow laminae melting at 347°C. 


Derivatives with Two or More Different Substituents 


Of a myriad of such substances, relatively few are important as intermediates in 
anthraquinone dye technology. This section does not include those used primarily 
as dyes themsclyes and those requiring only sulfonation for use as dyes (“dye 
bases"); these two categories are covered in the article on Anthraquinone dyes. 

A compound of value in making acid wool dyes is 1-amino-2-anthraquinone- 
sulfonic acid. This substance can be made by rearrangement of the amine sulfate 
by baking; however, a synthesis giving much better purity and yield is the follow- 
ing (22): 112 parts of finely powdered 1-aminoanthraquinone is suspended in 500 ~ 
parts of o-dichlorobenzene, and 64 parts of ehlorosulfonie aeid is added with good 
stirring. Salt formation causes the temperature to rise to about 60°C. The batch is 
then heated at 150-1855?C. for 4 hours, hydrogen chloride being given off. The 
product may be filtered off, or the solvent may be steam-distilled and the sodium 
salt of the acid precipitated by addition of common salt. The yield is practically | 
quantitative. This process is claimed to have the further advantage that reaction 
conditions are sufficiently mild so that other substituents on the anthraquinone 
nucleus are not attacked. 1-Amino-2-anthraquinonesulfonie acid is used chiefly in 
the manufacture of the two following compounds: 

1-Amino-4-bromo-2-anthraquinonesulfonic acid (“bromamine acid’’) is pre- 
pared by monobromination of the preceding compound. The process is the same as 
that described in the next paragraph except that only half as much bromine is used 
and salting out may be necessary to ensure complete precipitation of the product. 
This substance is the key intermediate in the manufacture of acid wool dyes of the 
Alizarine Blue A2G type. . 

1-Amino-2,4-dibromoanthraquinone (deep-red erystals melting at 226°C.) is 
easily prepared by the action of bromine on solid, finely powdered 1-aminoanthra- 
quinone, or in nitrobenzene solution at 160°C., or by the following process (23): 
4060 parts by volume of an aqueous solution containing 303 parts of 1-amino-2-an- 
thraquinonesulfonic acid and 114 parts of sulfuric acid is brominated by adding a 20% 
aqueous solution containing 250 parts of "mining salt" (the technical mixture of 2 
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moles of sodium bromide and 1 mole of sodium bromate) at room temperature over a 
period of 10 hours. The slurry is heated to 80°C., stirred at that temperature for 1 
hour, filtered, and the product washed free of acid and salts. The yield is prac- 
tically quantitative. Since the bromine atom in the 4-position is easily replaceable 
by arylamino groups, this substance is used in the manufacture of dyes of the 
Alizarine Sky Blue type. 

1-Chloro-2-methylanthraquinone aud 1-chloro-2-anthraquinonecarboxylic acid 
are intermediates for the acridone dyes Indanthrene Red Violet RRK and Red RK. 
2-Methylanthraquinone may be chlorinated in the concentrated sulfuric acid solu- 
tion in which it is formed by ring closure. The acid volume and strongth are 
adjusted as necessary to give a solution of 35 parts of 2-methylanthraquinone in 350 
parts of 38% oleum. 0.35 part of iodine is added and chlorine is run in at 55-60°C, 
until a sample of the product shows 13.8 to 14.0% chlorine. The 1-chloro-2-methyl- 
anthraquinone can be isolated at this point by drowning the batch in water and 
filtering. To obtain the carboxylic acid, the olewin solution is diluted with 350 
parts of coucentrated sulfuric acid and enough water to reduce the acid strength to 
80%, then 95 parts of finely powdered manganese dioxide is added and the batch is 
stirred at 110°C. for several hours. The charge is drowned in water, and any un- 
changed manganese dioxide is dissolved by adding sodium bisulfite and boiling. 
After cooling, the crude product is filtered off, washed neutral, and purified by 
dissolving as the sodium salt, filtering, and precipitating the free acid by acidification 
(10). The overall yield is about 70% of the theoretical. 

2-Methylanthraquinone may also be chlorinated in the side chain, particularly 
to the w-dichloromethylanthraquinone, an intermediate in the manufacture of 
Anthra Yellow GC (diphthaloylstilbene). The chlorination is accomplished by 
sulfuryl chloride at 175?C., or by chlorine added to the nitrobenzene solution at 
175°. The w-monochloromethyl derivative, obtained similarly, is used in the 
manufacture of Cibanone Yellow R. 
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ANTHRAQUINONE AND RELATED QUINONOID DYES 


Anthraquinone aud related quinones number among their derivatives many colored 
compounds, which are, or may be made, substantive to cotton, rayon, wool, linen, 
acetate silk, and various other fibers. Although the exteusive use of such dyes is 
quite recent, one of the best dyestuffs of antiquity, uamely madder, belongs to this 
family. At present, compounds of this class arc to be found in use as mordanb dyes, 
acid wool colors, acetate rayon dyes, vat colors, pigments, lake colors, paper dyes, 
etc. In general, dyes containing the anthraquinone and related nuclei show high 
tinctorial strength, good brightness, and very good fastness to washing, crocking, 
chlorine, perspiration, light, weather, ete. It is this general high overall fastness 
that places these dyes, particularly the vat colors, in such high favor with dyers and 
colorists. Tis is true in spite of the complexities involved in-manufacturing these 
products and the resulting high cost. 

In 1944 there was produced in the United States 151,651,000 lb. of synthetic 
dyes at a sales value of $110,748,000. Of this total, 40,837,000 lb. at a sales value of 
$47,337,000 consisted of vat dyes containing the anthraquinone and related nuclei. 
This does not include anthraquinone and related mordant, acid, or acetate colors, 
yet it represents by far the largest dye class from the point. of view of either poundage 
or money valuc. In addition to the huge military demand for these dyes during the 
war years, a definite trend towards the use of these very fast dyes was apparent in 
the years before World War II. By 1941 this class had outstripped all others in 
money value. 


NAMES 


These dyes are made by a number of different companies and are named 
differently by them. The I.G. Farbenindustric, which was a combination of all 
‘the large German dye manufacturers who had developed most of these dyes, used 
the name Alizarine for mordant and acid wool colors of this series, Anthralan for acid 
wool colors, Celliton for acetate colors, and Indanthreue for vat dyes with excellent 
fastness qualities. In addition, they used Algol for vat dyes not quite equal to the 
Indanthrenes in fastuess, and Helindone for those vat dyes that could be used for 
. dyeing wool since they required only a small amount of alkali for vatting, In the 
United States these names have been taken over by General Aniline and Film 
Corporation and its selling agent, General Dyestulf Corporation. The Calco 
Chemical Division of American Cyanamid Company uscs Caleoeid and Caleomet 
for acid dyes, Calconese for acetate colors, and Caleosol and Caleoloid for vat dyes. 


960 ANTHRAQUINONE DYES 


T. I. du Pont de Nemours & Co. uses Anthraquinone for acid dyes, Acetamine for 
acetate dyes, and Pousol for vat colors. The National Aniline Division of Allied 
Chemical and Dye Corporation uses Alizarine for acid dyes and. Carbanthrene for 
vat colors. A complete list of names used by all of the American manufacturers can 
be obtained in the current number of the Yearbook of the American Association of 
Teatile Chemists and Colorists. 

Practically all manufacturers append letters to the names of their dyes to 
indicate the color or some other property; prefix numerals indicate depth of shade, 
for example, 2G (or GG), 3G, 4G, ete., indicate successively greencr shades. A few 
letters used in the field of anthraquinone and related dyes are: B, blue shade; CF, 
copper-frec (for withstanding vulcanizing); FF, very bright, for example Ind- 
anthrene Violet FFBN; G, yellow or green shade; K, cold-dyeing vat dye; N, 
new; P, paper dye; R, red shade; V, violet shade; Y, yellow shade. For a more 
complete list see Bird (2). 


Mordant Dyes 


Although madder had been known since early antiquity, the syuthesis of 
anthraquinone dyes started in 1868, when Graebe and Liebermann synthesized 
alizarm (qwv.) (1,2-dihydroxyanthraquinone), the active iugredient of madder. This 
was followed by the discovery of a number of other mordant dyes, namely, various 
polyhydroxyanthraquinones and their derivatives. Some chemists whose names are 
associated with these developments are Graebe, Licbermann, Caro, Perkin, Bohn, 
and Selnnidt. 

In general, mordant dyes of the anthraquinone elass contain two hydroxy 
groups ortho to each other and form colored metallic chelate compounds with 
aluminum, chromium, iron, and other multivalent metallic ions (sce Coordination com- 
pounds). They may contain additional hydroxy groups and other groups. 

These dyes are used for dyeing and printing cotton and wool. The fabric is 
pretreated with compounds of tle desired metals, or else the dyeing operation is 
carried out in the presence of such compounds. Although this is one of the oldest 
types of dyeing known to man, it has recently gone out of fashion to some extent. 
The two-bath process and the auxiliaries necessary make this method cumbersome 
and difficult to carry out. However, the bright shades obtainable and the high fast- 
ness, particularly to light, of the resulting dyeings, have been responsible for its 
continued use. The range of shades is quite wide, covering violets, blues, greens, 
yellows, oranges, reds, browns, and blacks. The preparation of a number of these 
mordant dyes is given in Anthraquinone derivatives, 


Alizarin (II) (C.7, 1027), 1,2-dihydroxyanthraquinune, is known under a variety of names, such as 
Alizarine VI and Alizarine Red B. It is used in dyeing and printing cotton, on which it produzes the 
familiar Turkey red when the cotton is mordanted with Turkey-red oil and alumina in the presence 
of lime, By using cotton mordanted with different metals, the shade may he varied to the brown side 
or to the violet. Naphthazarin (I) (C.7. 1019), known as Alizarine Black 8 unc Alizarine Blue-Black W, 
is prepared by treating 1,5-dinitrouaphthalene with a solution of sulfur in oleum (3). The dye is 
used for dyeing and printing chrome-murdanted cotton and wool black. 3-Nitroalizarin (IE), 
known as Alizarine Orange A (C.T. 1033), dyes aluminum-mordanted cotton and wool orange, T is 
prepared hy nitration of alizarin in an inert solvent (18). 1,2,3-Trihydroxyanthraquinone (IX), 
known us Alizarine Brown R (C.J. 1085), gives a very fast brown on chrome-mordanted cotton and 
wool. 1,2,4-Trihydroxyanthraquinone (V), known as Alizarine Purpurin (C.T. 1087), gives a scarlet 
red on aluminum-mordanted cotton, It is not ag fast to light as alisarin itself. Quinalizarin (VIT) 
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(6.1. 1044), or 1,2,5,8-tetrahydroxyanthraquinone, is known as Alizarine Bordeaux B. Ji gives u dark 
violet-hlne on chrome-mordanted cotton nud wool, and is very fast to light, chlorine, washing, ete. 
(60). 1,2,4,5,6,8-Hexabydroxyanthraquinone (VIIL), known as Anthracene Blue WR (CL. 1062), 
gives navy-blue shades when used in conjunction with chromium (11). Alizarine Blue S (IV) (€.7. 
1066) is a quinoline derivative of alizarin, which dyes chromium-mordanted cotton, wool, and silk a 
reddish-blue. It is prepared by treating a mixture of 3-amino- and 3-nitroalizarin with glycerin and 
sulfurie weid (10). It is usually used as the disodium sulfite addition compound. Alizarine Red S (VI) 
(C.I. 1034) is 3-alizarinsulfonie acid. It is prepared by sulfonating alizurin by means of oleum (17), 
and is used for dyeing und printing wool, mordanted with aluminum, a scarlet red. 
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In the field of pigments, a number of these mordant dyes, such as Alizarine VI, 
Alizarine Purpurin, Alizarine Brown E, Alizarine Orange A, Alizarine Bordeaux B, are 
used as lake colors by precipitating with alumina and calcium or barium salts in the 
presence of sodium phosphate and Turkey-red oil. In general, they give traus- 
parent, light-, water-, spirit-, and oil-fast colors. They are employed for coloring 
plastics, paints, lacquers, printing inks, ote. 


Acetate Dyes 


When cellulose acetate, or acetate rayon, was placed ou tlie market in Lhe early 
part of this century, a few types of dyes, mainly azo colors, were found to dye this 
new fiber. These dyes suffered from poor fasiness qualities, ospecially with respect 
to light. To overcome this difficulty, British Dycstuff Corporation in 1923-24 
introduced the anthraquinone acetate dyes. These are generally simple amino- or 
substituted aminoanthraquinones and their derivatives, which dye by forming solid 
solutions with cellulose acetate. Although quite good in regurd to fastness to light, 
washing, crocking, and sublimation, these colors show one major disadvantage, 
particularly in the blue and violet shades. This drawback is fume-fading (also 
known as gas- and acid-fading), On exposure to fumes from burning city gas or 
engine-exhaust gases containing oxides of nitrogen, these dyeings turn red and 
eventually fade to a weak grayish-pink. 

Chemically these dyes are generally primary or secondary -amino derivatives. 
There may be one or more such amino groups, and these may be further substituted 

' by alkyl, aryl, aralkyl, hydroaryl, alkylol, and other such groups, The rest of the 
anthraquinone nucleus may also contain other groups, such as halogen, hydroxy, 
alkoxy, nitro, and cyano. The molecular weight of the dye must be relatively low, 
since solubility of the product in cellulose acetate is important for good affinity and 
only low-molecular compounds show sufficient solubility. 

The dyes are usually sold as “dispersed powders.” This means that during 
their manufacture they are treated with dispersing and wetting agents so that the 
final dried powder disperses very readily in water. In dyeing, they are applied to the 
fiber by using a water dispersion of the dye together with a wetting agent at about 
60-80°C. The fiber extracts the dye and the two form a solid solution. In printing, 
a thickened paste is made with the aid of thickening agents, such as gums, and 
applied to the fiber. A short steaming causes development. The gums arc then 
washed away and the dye is found as a solid solution where the paste was applied. 
The thickening prevents diffusion of the color. 

The range of colors includes orange, pink, red, red-violet, blue-violet, blue, and 
blue-green. Green is unfortunately quite rare in this field. The simple amino- 
anthraquinone derivatives give the same color on acetate silk as their solutions in 
organic solvents, such as ethyl acetate. Thus, 1,4-diaminoanthraquinone (X), or 
Celliton Fast Red Violet RN, gives a red-violet dyeing, and 1,4,5,8-tetraamino- 
anthraquinone (XII) a blue. (For preparation of these two dycs see Anthraquinone 
derivatives.  Celiton Fast Blue B, or 1,4-di(methylamino)anthraquinone (XI), is 
Prepared similarly to 1,4-diaminoanthraquinone, except that methylamine ig used 
instead of ammonia in the condensation with quinizarin. The violet 1-amino-4- 
methylaminoanthraquinone is prepared similarly, oxcept that a mixture of ammonia 
and methylamine is employed. An orange dyeing is given by l-amino-2-methyl- 
anthraquinone, while a pink dyeing is given by 1-amino-4-hydroxyanthraquinone. 
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Celliton Fast Blue Green B is largely 1,4-dihydroxy-5,8-di-(8-hydroxycthylamino)- 
anthraquinone (XIIT) (1,85). 

Thus it is clear that substitution of the amino groups by means of alkyl residues 
or the addition of auxochromic groups to the anthraquinone nucleus causes a deep- 
ening of shade or a shift to the blue-green side of the spectrum. 
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Besides their use as acetate dyes (g.0.), compounds of this class have been used for 
dyeing of gasoline, and, during the war, as constituents of smoke grenades and 
bombs. 


Acid Wool Colors 


Acid wool colors were introduced early in the history of anthraquinone dyes. 
In the early 1890’s, Schmidt of the Bayer Co., Bohn of the Badische Anilin- und 


964 ANTHRAQUINONE DYES 


Soda-Fabrik, and Laubmann of: Meister, Lucius, and Brining each developed 
aminohydroxyanthraquinonesulfonie acids that dyed wool from an acid bath without 
the use of a mordant. This was followed by other acid dyes worked out by these 
chemists and others, among them Bally, Isler, Hepp, Hartmann, and Thomaschewski. 

Anthraquinone wool colors are in general sulfonated derivatives of amino- or 
substituted aminoanthraquinones. A few sulfonated hydroxy derivatives are also 
used. The sulfonic residues may be on the anthraquinone nucleus or on other aryl 
groups when they form part of the molecule. The dyes as sold are soluble in water 
and are applied to wool from an aqueous solution near the boil. The solution con- 
tains Glauber’s salt and is either neutral or weakly acid with sulfuric or acetic acid. 
Dyeing from an acid solution generally gives much stronger dyeings than from a 
neutral solution. However, neutral dyeing shows advantages with respect to 
minimum corrosion, no deterioration of the wool, and no deterioration of cotton 
when mixed fabrics or fibers containing cotton are dyed. The range of these dyes 
includes violets, blues, reds, greens, grays, and blacks. The tinctorial strength, 
brightness, and fastness qualities are in general quite good. 


Alizarine Blue SAP (C.J. 1054) is 1,5-dihydroxy-4,8-diaminoe-2,6-anthraquinonedisulfonie acid 
CXIV). It is prepared by disulfonating anthrarufin, clinitrating this product, and subsequently 
reducing (23), Alizarine Blue SAE (C.7. 1053) is the corresponding monosulfonic acicl, prepared by 
partially desulfonating the SAP (24). Alizarine Trisol R (XTX) (CLI. 1078) isuprepared hy treating 
leucoquinizarin with one mole of p-toluidine, oxidizing the product, and finally sulfounting (19). 
This dye gives bright. bluish dyeings on wool. Alizarine Blue-Black B (C.J. 1085) isa dye of unknown 

' constitution, prepared by eondensing purpurin with two moles of aniline and then sulfonating the 
produet (19). Cyananthrol R. (XV) (C.T. 1076) i prepared hy nitrating 2-methylanthraquinone, re- 
ducing the nitro compound, chlorinating the amino product, condensing the resulting 4-chloro 

. derivative with p-toluidine, and finally sulfonating (62). It gives bright blue dycings on wool from 
an acid bath. Alizarine Sky Blue B (XVI) (C.7. 1088) is prepared by dibrominating 1-niminoanthra- 
quinone, condensing this with one mole of p-toluidine, and finally sulfonating (61). Alizarine Ástrol D 
(XVID) (C.I. 1075) is prepared by brominating L-methyluminonuthraquinone, condensing the 
product with p-toluidine, and sulfonating. lt gives elear blue dycings on wool. Alizarine Rubinol R 
(XVIII) (C.I. 1091) is prepared by acetylating 4-bromo-1-methylaminoanthraquinone, eyclizing by 
means of dilute caustic soda under pressure, condensing the resulting. 4-bromo- N-methylanthra- 
pyridone with p-toluidine, and finally sulfonating (33,73). This gives bright bluish-red dyeings of 
excellent light fastness. Further sulfonation gives the GW brand, which dyes a clear red. 

Of great importance in the field of wool dyes are the sulfonic acids of products obtained by con- 
densing quinizarin and its derivatives with two moles of aromatic amines. They generally give green 
dyeings on wool, Typical of these dyes is Alizarine Cyanine Green G (XX) (C.I. 1078), prepared by 
eondensing quinizarin, togother with n small quantity of leucoquinizarin, with p-toluidine. The 
leuco condensation product reduccs some of the remaining quinizarin to the leuco form, and is itself 
oxidized. In this manner, the reaction proceeds, requiring only a small quantity of leueo compound 
to start with. The final product is then sulfonated (20,21,22). Alizarine Viridine FF. (XXI) (C.I. 
1084) is a similar dye, prepared in like manner from Alizarine Bordeaux B (68). 

Another important series of wool dyes is the series of blue dyes derived from “bromumine acid,” 
l-amino-4-bromo-2-anthraquinonesulfonie acid. By condensation with aniline in the presence of a 
copper catalyst, Alizarine Direct Blue A (XXII) is formed. By replacing aniline with other amines, 
numerous dyes, such ag Alizarine Direct Blue ARA and AGG, are formed. These colors, in general, 
are characterized by good hriglitness and extreme fastness. 

An interesting gray dye is formed by dinitrating 1,1’-dianthraquinonylamine (1,1/-dianthrimide) 
(see “Dianthrimides” under Anthragwinone derivatives) to the 4,4’-dinitro derivative, reducing this, 
and sulfonating to give Alizarine Fast Gray 2BL (XXIII) (76). 


In the field of pigments, a number of acid dyes, such as Alizarine Blue SAP, 
Alizarine Blue SAX, Alizarine Irisol R, Alizarine Cyanine Green G, Cyananthrol R, and 
Alizarine Rubinol R, are used to some extent as lake colors by precipitating with 
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barium salts or aluminum phosphate. The resulting lake colors are very light-fast 
and show similar properties to the lake colors obtained from mordant dyes. 
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Yat Colors 


Probably the most important historical development in the anthraquinone dye 
field was the discovery of vat colors by René Bohn in 1901. Bohn, a chemist in the 
Badische Anilin- und Soda-I'abrik of Ludwigshafen on the Rhine, was attempting to 
prepare the anthraquinone analog of indigo. He condensed 2-xminoanthraquinone 
with chloroacotic acid and fused the product with caustic soda, following the Heu- 
mann indigo synthesis. He obtained a deep blue vat dye of outstanding fastness to 
almost everything but chlorine. This dye would, however, only vat with a much 
larger amount of alkali than the then known indigo vat colors. Investigation 
showed that the product was really the result of fusing 2-nminoanthraquinone with 
caustic, and eventually the structure of the dye was clucidated by Bohn and Sehoil. 
The early objection to these new vat colors with respect to the need of larger quanti-. 
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ties of alkali was soon overcome and the range of this type of dye has been, and is 
being, steadily expanded. Among the host of chemists who have been most re- 
sponsible for this work are Bohn, Schmidt, Bally, Isler, Ullmann, Scholl, Nawiasky, 
Liittringhaus, Neresheimer, Kéberle, and Gubelmann. 

By far the largest and most important class of anthraquinone and related dyes 
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ig the vat dye class. This is true for two reasons. These vat dyes are used for cotton 
and viseose rayon, which represent the major fraction of all textiles. With respect 
to all-around tinctorial and fastness propertics, vat colors have no peer in any class 
of dyes. 
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Insofar as chemical structure is concerned, no general rules may be given, since 
many and varied molecular types are found. All that is necessary is an affinity for 
the fiber of the reduced, or leuco, form and proper tinctorial qualities on the fiber. 
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The dyes are sold as pastes and dispersed powders. They are used for dyeing and 
printing cotton, linen, and regenerated-cellulose rayons, such as viscose and cupram- 
monium rayon. To a very limited extent, those colors that may be vatted with a 
small amount of caustic are used for dyeing wool. 

For application, vat eolors in aqueous suspension are reduced by means of 
caustic soda and sodium hydrosulfite (Na2S20,) to the water-soluble leuco compound 
at temperatures of 45-60°C. These vats, or solutions of leuco compounds, are 
generally quite brightly colored, in contrast to those from indigoid colors, which are, 
as a rule, yellow to pale green. These leuco compounds then attach themselves to 
the fiber and are reoxidized to the original vat color by means of air or other oxidizing 
agents. The dye is thus precipitated within the fiber and is consequently very fast. 
A final soaping completes the process. In printing, the dyes are incorporated into a 
thick paste with starches, gums, caustic soda, and Rongalite, which is a condensation 
product of formaldehyde and hydrosulfite. This paste is applied to the fiber and 
developed onto the fiber by means of steam. Oxidation by means of dichromate and 
final soaping complete the procedure. 

More recently, various modifications of this dyeing process have been worked 
out in order to make possible more rapid continuous dyeing. One of these is pigment 
padding, in which the dye in the form of a dispersion is padded onto the fiber, then 
reduced on the fiber for fixation, and finally oxidized. Another is continuous reduced 
padding, in which the reduced dye is padded onto the fiber and then oxidized. Im 
addition, various machines have been developed for this purpose, such as the 
Williams machine, and the pad-steam method, which uses a higher temperature and 
a shorter time for the reduction of the dye. One of the drawbacks of dyeing rayon 
with vat colors has been the deterioration of the fiber by caustic soda under the 
tension involved. The development of the multi-lap process does away with this 
since it more or less eliminates tension in dyeing of rayon with vat colors. 

The range of anthraquinone and related vat colors is quite wide. Among them 
may he found yellows, oranges, reds, blues, violets, red-violets, blue-violets, Bor- 
deaux, scarlets, browns, olives, khakis, greens, grays, and blacks. In spite of a 
paucity of fast yellows, bright greens, bright reds, and deep blacks, the assortment is 
quite full and the fastness properties excellent. 

Among the simplest vat dyes are the acyluminoanthraquinones, such as Helio Fast Yellow 6GL 
CXXIV) (C.I. 1127), which is I-sulieyloylaminoanthraquinone (71,72); Indanthrene Yellow GK 
(XXXIV) (C.I. 1182), which is 1,5-di(benzoylamino)anthraquinone; Algol Yellow 3GK (XXV) 
(C.I. 1139), which is di-(1-anthraquinonyl)suceinumide (84,69); Indanthrene Red 5GK. (XXVIII) 
(C.I. 1181), which is 1,4-di(benzoylamino)anthraquinone (70); Indanthrene Brilliant Violet RK 
(XXEXVID (C.7. 1135), which is 4,8-di-(p-anisoylamino)anthrarutin (71); and Indanthrene Brilliant 
Violet BBK (XXXVI) (CJ. 1134), which ' is the corresponding dibenzoyl derivative (68). These 
are all made by treating the corresponding aminoanthraquinone with the appropriate acid chloride 
in an inert solvent, such as nitrobenzene, with or without the inclusion of a weak base, such as pyridine, 
at a temperature of about 120-150°C. These dyes do not show a very great affinity for the fiber and 
ure not too stable to the hydrolytic action of the alkaline vat; hence they are all dyed from a rela- 
tively cool vat (about 45^C.). 

Similar acylated dyes have been prepared by the reaction of cyanuric chloride with three moles 
of 1-aminoanthraquinone or its derivatives (51,52). 

Another class of vat dyes is the anthrimide class (see ‘“Dianthrimides” under Anthraquinone 
derivatives), in which two: or more anthraquinone nuclei are joined by imino residues (80,35). In- 
danthrene Orange 6RTK (XL) (C.J. 1137) is prepared from 2-chloroanthraquinone and L-aminounthra- 
quinone by the Ullmann condensation, using 2 high-boiling inert solvent such as nitrobenzene, a gop- 
per catalyst, and a weak base, Such condengations are normally carried out at temperatures between 
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180° and 220°C. Algol Bordeaux 3B (XLVIIL) (C.I. L141) is prepared in like manner from 2,6. 
dichloroanthraquinone and 1-amino-4-methoxyanthraquinone (35). 

When the anthraquinone nuclei are connected by two imino groups, forming a new ring, Ayedro- 
azines are formed, The classical example is the first anthraquinone vat dye, Indanthrene Blue RS 
(KXXVIII) (C.I. 1106). This is prepared by fusing 2-aminoanthraqyuinone with caustic potash at 
200-250°C., using an oxidizing agent such as sodium nitrate (25). The yield is about 50% of the 

‘theoretical. The reaction mechanism of the condensation haa been discussed rather fully by Scholl 
and others in a long series of papers (96). This dye has outstanding fastness charactoristics, except 
that it is turned yellow on the fiber by treatment with chlorine. However, an aftertrentment with 
sodium hydrosulfite restores the blue shade. The color of the vat is almost identical with that of the 
dye. Similar dyes of this class are Indanthrene Blue BC (C.7. 1114) und GCD (C.I. 1113), which are 
chlorinated derivatives of the RS (26). Chlorination tends to improve the chlorine fasiness of the dye, 
Indanthrene Green BB (XXXIT) (C7. 1116) is à diehloro diamino derivative, made by an Ullmann 
condensation of 1,4-diamino-2,3-dichloroanthraquinone with itself (32), 

Another class of vat dyes is made up of the euhraquinone-acridones (388). Indauthrene Red RIC 
(XLI) (C.I. 1162) can be prepared by condensing 1-chloro-2-anthraquinoneearboxylie acid with 2- 
naphthylamine, and cyclizing the resulting carboxylic acid with sulfuric acid. Indanthrene Orange 
3R (XLII) is prepared similarly, using 2-aminoanthraquinone instead of 2-naphthylamine (48), 
Indanthrene Red-Violet RRK (XLIIT) (C.I. 1161) is also prepared in wv similar fashion, except that 
2,4-dichloroaniline is used instead of naphthylamine and the produet is afterehlorinated. (86,87). 
Indauthrene Violet BN (XXXIII) (C.I. 1163) is prepared by treating 1,5-dichloronnthraquinone 
with anthranilie aeid in the presence of & copper catalyst unl eyelizing the resulting product with 
acidic cyclizing agents such as sulfuric acid (37). A number of similar thioxanthone derivatives of 
anthraquinone have been prepared using thiogalicylic acid instead of anthranilic acid and thiophenols 
instead of arylamines (40,74). An example is Indanthrene Golden Orange GN (XLVI) (CZ. 1164), 
prepared [rom 1-chloro-2-anthraquinonecarboxylic acid and 3,4-dichlorothiophenol, with subsequent 
necid cyclization. 

An importaut class of dyes is the carbazole series, These are generally made by treating Lhe 
corresponding anthrimides with sulfuric acid or aluminum chloride; two hydrogen atoms are re- 
moved and the carbazole skeleton is formed. Helindone Yellow RW (XXVII) is prepared from 1,1'- 
dianthraquinonylamine, Tts structure has been provedl by a variety of other syutheses (43,45) thal 
give exactly the same product. Indanthrene Brown BR (XXXI) (C.7. 1149) is made by condensing 
1,4-diaminonnthraquinone with two moles of 1-chloroanthraquinone, and subsequently earbazolizing 
the product. Indanthrene Brown R (XXX) (CJ. 1151) is prepared by condensing 1-chloro-4-benzoyl- 
aminoanthraquinone with 1-amino-5-benzoylaminoanthraquinone, and then earbazolizing the 
produet (39). Indanthrene Olive R (XXIX) (C.T. 1150) is synthesized similarly, except that 1- 
amino-£-benzoylaminoanthraquinone is used (39). Indauthrene Golden Orange 3G (XXXV) is- 
made in a similar fashion, except that 1-amino-5-benzoylaminoanthraquinone and L-chloro-5-benzoyl- 
aminoanthraquinone are condensed in the first step (89,41), Indanthrene Khaki GG (XLVIT), the 
well-known military eolor, is made by treating 1,4,5,8-tetrachloroanthraquinone with four moles of 
1-aminoanthraquinone, and then with aluminum chloride. It dyes very fast shades from a red vat. 

Algol Yellow GC (XLIX) is a thiazole derivative with a red-violet vat. It can he made hy 
treating 2,6-diaminoanthraquinone with henzaldehyde, or benzotrichloride, and sulfur (36). This 
dye is used considerably because of its bright yellow shade, although it has poor fastness, particulurly 
to light. 

A very Interesting and important group of vat dyes are those derived from benzandirone (Ta) 
(q.v. under Anthraquinone derivatines, where tho preferred C, A. and. ing [rules numbering is given in 
addition to the numbering given here), which is prepared from anthraquinone using glycerin, sulfuric 
acid, and a reducing agent. On fusion of benzanthrone with caustic potash at 200-250°C., Ind- 
anthrene Dark Blue BO (LI) (C./. 1099), also known as dibenzanthrone or violanthrene, is formed 
(64). From a dark-violet vat, it gives dark blue shades of good all-around fastness, but it suffers 
from the disadvantage of turning red on water spotting. Indanthrene Black BB (LIT) (C.1. 1102) is 
formed by nitrating violanthrene in a solvent and redueing the nitro compound hy means of sodium 
sulfide. : 

By oxidation of violanthrene with manganese dioxide in sulfuric acid at low temperatures, a 
dihydroxy derivative is formed, On methylating this product with methyl p-toluencsulfonate in an 
inert solvent using a weak base, Indanihrene Brilliant Green B, or Caledon Jade Green (LIID (C.7. 
1101), is formed (53,54). The same 12,12’-dihydroxy derivative may be formed by treating ben- 
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zanthrone with ulcoholie potash to give 2,2'-dibenzanthronyl, and then oxidizing and eyclizing this 
intermediate by means of manganese dioxide in sulfuric acid. "The dimethoxy derivative, one of the 
most prized dyes of the vat range, gives bright-green dycings of very good fastness from a clear blue 
vat. Various other ethers have been prepared, as well as halogenated derivatives. These are of great 
importance since they are green dyes of outstanding brightness and fastness. Aside Prom thìs family, 
there is a decided lack of bright aud fast green dyes. 

Benzanthrone may be converted to 13,13’-henzanthronyl sulfide, which with aleoholic caustic 
forms isodibenzunthrone (LIV) (56,80), Although it is not used as a dye itself, halogenated products 
such us Indanthrene Brilliant Violet 2R (C.F. 1104), are in use. 

Condensation of 13-bromobenzanthrone with aminoanthraquinones and treatment of the 
products with alcoholic potash gives dyes of the type of (LV). A large number of substituted. olive 
and gray dyes of this kind have been prepared. 

An important dye of the henzanthrone series is Indanthrene Blue-Green B or Cibanone Blue 3G 
(LVI) (C.Z. 1173). 18-Bromobenzanthrone is converted to the mereaptan, and this condensed with 
chloroneetic acid to the thioglycolic acid. The thioglycolic acid is then treated with caustic to give 
the corresponding thiophene, which is oxidized to the dye (84). 

An important dye of the vat series is Pyrazoleanthrone Yellow (XXVI) (C.7. 1122). It is pre- 
pared by an interesting series of steps. First, 1-hydrazinoanthraquinone is prepared by treating 1- 
chloroanthraquinone with hydrazine hydrate, or hy redueing dinzotized t-amincanthraquinone. 
This product is then cyclized to pyrazoleanthrone by means of acid dehydrating agents. Fusion 
with caustic causes a linking together of two molecules in the 2,2/-positions, with removal of hydrogen. 
The structure of the end product has been proved by treating 2-bromo- N-acetylpyrazoleanthrone 
with copper and then deacetylating to give the identical compound (8,9,27,28,42,57). 
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Two important yellow dyes of this class are pyranthrone (XLIV) and flavanthrene (XXXIX). 
Pyranthrone, or Indanthrene Golden Orange G (C.I. 1096), is prepared by ehlorinating 2-motliyl- 
anthraquinone to give 1-chloro-2-methylanthraquinone, treating this compound with copper in an 
inert solvent at 150-200°C. to give 2,2’-dimethyl-1,1-dianthraquinonyl, and cyclizing this to pyr- 
anthrone by means of eaustie fusion (13,14,29,31,65). Halogenated derivatives ure also in use, among 
them Indanthrene Orange 4R. 

Flavanthrene, or Indanthrene Yellow G (C.J. 1118), can be prepared by using 2-uninoanthra- 
quinone with caustie potash at temperatures of 270° and above. A better method is heating 2-umino- 
anthraquinone with antimony pentachloride in nitrobenzene solution. The constitution was estab- 
lished by Scholl (4,12). 

A simple yellow dye of this series is Anthra Yellow GC (XLV) (C.I. 1095), prepared by treating 
w-lichloro-2-methylanthraquinone with copper (44,66,67). Tts disadvantage is that it is not very fast 
to light. 

Dyes closely related to the anthraquinone family and containing the anthraquinone nucleus, 
although not derived from anthraquinone, are those of the anthanthrone and. dibenzopyrencquinone 
groups. Dyes derived from anthanthrone (LYILT) are generally orange in color, whereas those from 
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8,4,0,9-dibenzopyrene-85, 10-quinone (LVII) are usually yellow. Anthanthrone itself is prepared by a 
very complex series of reactions starting with 8-amino-l-naplithalenesulfonic acid. This is dinzotized 
and the amino group replaeed by eyano by means of the Sandmeyer reaction. A caustie fusion then 
causes n strange series of reactions in which the cyano group is partially hydrolyzed to the amide and 
the sulfonic group is replaced by a hydroxyl residue. Water then splits out hetween the amide and the 
-hydroxyl to give a naphthostyril, which hydrolyzes to 8-amino-I-naphthoic acid. This is then 
diazotized and treated with ammoniacal copper solution to give l,l'-dinaphihyl-2,2'-dicarboxylie 
acid. Treatment with sulfuric acid gives the desired anthanthrone (5,49,79,81,82,83). 

Dibenzopyrenequinone, also known as Indanthrene Golden Yellow GK, is synthesized by treating 
naphthalene with two moles of benzoyl chloride in a Friedel-Crafts reuction to give 1,5-dibenzoyl- 
naphthalene. Treatment with aluminum chloride at an elevated temperature in the presence of 
oxygen then causes cyclization with the splitting out of four atoms of hydrogen to give the dye (55). 
Halogenated derivatives are also found in use. 

A number of orange, red, and blue vat dyes have been prepared by condensing 1,4,5,8-naphtha- 
lenetetracarboxylic acid with aromatic amines or o-diamines. In the former ease, ary! imides are 
formed (LIX), In the latter, two forms of naphthoylenebis(arylimidazoles) (LX) aro possible. 
Naphthalenetotracarboxylic acid is prepared by treating acenaphthene with malononitrile or malonyl 
chloride, and oxidizing the intermediate peri-acenaphtlene-indandione (15,16,58,59.78). 
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Similar dyes have been made from perylenctetracarboxylic acid, which is prepared by caustic 
fusion of 1,8-naphthalimide. A dye of this type is Aceanthrene Green (LX) (C.J. 1158), prepared 
hv eaustic fusion of the imide of 1,9-aunthracenedicarboxylic acid (6,7,46,47,50). 

The vat dyes prepared from naphthalene- ancl perylenetetracarboxylic acids are in many cases 
quite bright and fast. 
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INDIGOSOLS 


Iu order to simplify the applieation of vat dyes, and in order to make them 
applicable to animal fibers, Bader and Sunder of Durand and Hugucnin developed 
Tndigosol or Algosol colors, These are the alkali metal salts of the sulfuric acid 
esters of leuco vat dyes. They arc used for dyeing and printing cotton and wool, and 
are applied from a water solution or paste. Development to the corresponding vat 
eolor is by hydrolysis and oxidation using weak acids and oxidizing agents. U.S. 
Patent 1,448,251 (75) covers the fundaniental processes for the preparation of these 
solubilized vat colors and U.S. Patents 1,575,958 (77) and 1,874,274 (88) cover the 
general use of these products. 

The Indigosols are prepared by treating the leuco form of the vat dyes with 
sulfur trioxide in the presence of a tertiary base such as pyridine. Thus the tertiary 
base salt of the sulfuric acid ester of the leuco compound is formed. ‘This is then 
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treated with a weak alkali such as sodium carbonate, and the tertiary base is re- 
moved by steam distillation. The alkali metal salt is thus formed. This process is 
shown schematically for anthraquinone in Scheme 27. Among the Indigosols derived 
from anthraquinone vat colors are: Algosol Blue IBC from Indanthrene Blue BC; 
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Algosol Brown IBR from Indanthrene Brown BR; and Algosol Green IBW from 
Indanthrene Brilliant Green B. 


Pigments 


Theoretically, any of the above-mentioned four types, namely mordant, acid, 
acetate, and vat, may be used as pigments for lacquers, paints, plastics, rubber, 
resin-bonded pigment dycing and printing, etc. In the past, all of these classes 
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have'been used to some extent. At present, more rigid specifications with regard to 
fasiness and tinctorial and physical properties limit this use to the most stablo 


colors of the 
physical form 


mordant, acid, and vat classes. Preparing the dye in the proper 
for case of grinding and brightness of shade is of utmost importance, 


With respect to paper dyes, the situation is simular, except that, the final dyes 
must be easily and very finely dispersible in water. 
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ANTHRAQUINONESULFONIC ACIDS. See Anthraquinone derivatives. 
ANTHRARUFIN, HOC,H3(CO)2C,;H,0OH, See Anthraquinone derivatives. 
ANTHRIMIDES. See Anthraquinone derivatives; Anthraquinone dyes. 


